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Abstract 
 
This thesis investigates conduction mechanisms of covalently and non covalently 
functionalised single wall carbon nanotube (SWCNT) networks.  Unlike previous 
strategies where diamines were used, a novel route to covalently bridge SWCNTs by 
organic molecular linkers is proposed.  The bridging relies on using modified 
Sonogashira and Ullmann couplings, which have the advantage of using 
spectroscopic evidence to ascertain the success of the bridging.  Platinum-enriched 
SWCNTs were produced by coordinating Pt to pyridine ligands grafted on SWCNTs.  
Networks of covalently bridged SWCNTs, Pt-enriched SWCNTs and their SWCNT 
precursors were fabricated by vacuum filtration.  In addition to these networks, 
networks of non covalent ly functionalised SWCNTs were built up using layer-by-
layer (LbL) deposition.   This second approach required the wrapping up of SWCNTs 
by ionic surfactants to exploit their electrostatic interactions.   
Electrical properties, such as current-voltage and the current dependence on 
temperature and electrode separation are discussed for both filtered SWCNT and 
SWCNT LbL networks.  Combined analyses of these characteristics were carried out 
to identify dominant conduction mechanisms.  In this study, a modified quantum 
tunnelling model was proposed to best describe the in-plane electrical behaviour  of 
the filtered SWCNT networks.  As for SWCNT LbL networks, the in-plane 
conduction was shown to be governed by the Poole-Frenkel mechanisms while direct 
tunnelling dominates the out-of-plane conduction.  Furthermore, the charge storage 
capacity of cut-SWCNT LbL networks integrated into metal- insulator-semiconductor 
devices are discussed in view of organic memory device applications. 
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Introduction  
 
 
Carbon nanotubes have generated a lot of interest since their discovery1, and a great 
deal of effort has been focused on exploring their physical properties2.  The electrical 
performance displayed by carbon nanotubes, encourage their integration into 
electronic devices3.  Thus, strategies for scaling up devices based on individual 
nanotubes have been developed4.  However, these are still limited by the inability to 
produce nanotubes exhibiting repeatable properties.  Properties of SWCNT networks, 
which differ from those of individual SWCNTs, are reviewed elsewhere5.  The 
difficulty in manipulating nanometric objects also hinders the integration of 
SWCNTs into electronic devices.  However, working with SWCNT networks 
reduces the discrepancy in their properties and facilitate their integration.   
 
Two-dimensional SWCNT networks are of particular interest for transparent6 and 
flexible7 electronics.  Applications in which randomly oriented SWCNT networks 
can be included extend from transparent electrodes in solar cells8 and light emitting 
devices9 to gas sensors10.  Consequently, it is important to understand the transport 
mechanisms in SWCNT networks to achieve a successful integration of SWCNTs, 
with a view to producing tangible devices.  This is particularly relevant in the case of 
SWCNTs, which can be metallic or semiconducting, adding a further level of 
complexity to the networks.  Furthermore, the structure of SWCNTs is known to be 
affected by chemical functionalisation11.  Thus, SWCNT networks can display 
different properties upon modifications undergone by nanotubes.  This makes the 
study of the properties of the SWCNT networks compelling in each case.  Identifying 
conduction mechanisms, is of high relevance for electronic devices as it allows for an 
improved understanding of the ma terial, as well as optimising the parameters 
involved in the conduction to improve performance.   
 
The work presented in this thesis contributes to improving the understanding of the 
electrical properties of functionalised SWCNT networks.  With this intent, chemical 
modifications such as Ullmann and Sonogashira couplings were performed to bridge 
the SWCNTs.  Networks of bridged SWCNTs and their SWCNT precursors were 
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fabricated by filtration, while non covalently functionalised SWCNT networks were 
built up by layer-by layer deposition.  Conduction models governing charge transport 
mechanisms across all SWCNT networks were identified.   
 
This thesis details the fabrication of two-dimensional, randomly orientated SWCNT 
networks, and the study of their electrical properties.  The SWCNTs contributing to 
the networks underwent covalent or non covalent functionalisations.  Distinct 
modifications such as surfactant wrapping, radical additions, molecular bridging of 
SWCNTs and platinum coordination, were performed on the SWCNTs.  
Spectroscopic analyses such as Raman, UV-visible-near IR and XPS spectroscopy 
were used to characterise the SWCNTs, and determine the success of the different 
reactions.  Dominant conduction mechanisms across networks produced from these 
modified SWCNTs were determined, using combined analyses of the current-voltage 
characteristics and their temperature dependence.  
 
The work presented in this thesis is divided into four result chapters.  The first deals 
with the construction and study of SWCNT networks built up using the layer-by-
layer (LbL) deposition method.  The dominant conduction mechanism across 
SWCNT LbL networks is identified, and the integration of SWCNT LbL networks 
into organic memory devices is provided as an example of its application.  The last 
three result chapters deal with the fabrication of SWCNT precursors, bridged 
SWCNTs and Pt-SWCNTs, and the fabrication of their networks by vacuum 
filtration.  Conduction mechanisms in these SWCNT networks are also identified.  
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Chapter Content  Objective 
Introduction General introduction Context and purpose of this thesis  
1 Description of the nature, structure, properties and particularities of individual SWCNT and SWCNT networks 
Establishment of a fundamental knowledge on 
carbon nanotubes 
2 
Fabrication and characterization of SWCNT LbL networks 
followed by their electrical study. Demonstration of charge 
storage capability of cut-SWCNT LbL networks. 
Fabrication and study of SWCNT networks where 
the nanotubes’ junctions are mainly made of 
insulating material  
3 
Functionalisation of SWCNTs by radical addition, fabrication 
of SWCNT networks and their electrical characterization with 
an emphasss on their electronic transport 
Evidence of addition to SWCNTs and 
identification of conduction mechanisms in 
SWCNT precursors to be used as references  
4 
Formulation of organic molecular bridges between SWCNTs 
using coupling reactions and the electrical study of networks 
subsequently produced from the bridged nanotubes 
Methodology for bridging SWCNTs with 
conductive organic molecules and influence of the 
bridging species on the electrical properties of 
SWCNT networks 
5 
Coordination of SWCNTs to create Pt-enriched SWCNT 
networks and discussion over the possibility of Pt-bridges 
between nanotubes  
Determination of the conduction model for the 
platinum enriched SWCNT networks  
Conclusion Discussion on the processes, obstacles encountered and results achieved. 
Highlights of this research and propositions for 
future directions  
Table 1 Thesis overview/organisation 
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Chapter 1  
Background information on carbon nanotubes 
 
 
Carbon nanotubes (CNTs) are part of the fullerene family, the third known allotropic 
form of carbon after graphite and diamond.  Contrary to graphite and diamond, CNTs 
are carbon nanostructures.  They are shaped like hollow tubes closed at their extremities.  
These tubes have diameters in the nanometre range in comparison to their lengths, which 
can reach hundreds of microns. Therefore, they are considered to be 1-dimensional 
nanostructures.  
 
1.1  Carbon nanotubes’ structure  
Despite indications of an earlier discovery of CNTs by different groups12,13, it is 
widely accepted that CNTs were discovered by Sumio Iijima in 19911.  Driven by 
research into the study of fullerenes, he discovered nanotubes in the soot of carbon as 
a result of arc-discharge evaporation1.  Figure 1-1 shows the representation of a C60 
fullerene molecule alongside the first electron micrographs of multi-wall carbon 
nanotubes (MWCNT) and single-wall nanotubes (SWCNT). 
 
Figure 1-1 Schematic of a fullerene (C60), first electron micrographs of carbon nanotubes1 
Reprinted by permission from Macmillan Publishers Ltd: Nature 354, 6348 p.56, copyright 
1991 and first electron micrograph of a single-wall carbon nanotube14  Reprinted by 
permission from Macmillan Publishers Ltd: Nature 363, 6430 p.603, copyright 1993 
Schematic of 
C60 fullerene 
1985 1991 
First electron micrographs 
of carbon nanotubes 
presented by S. Iijima1 
First electron micrograph of a 
single wall nanotube with a 
diameter of 1.37 nm14 
1993 
Multi-wall carbon nanotubes 
Single-wall carbon nanotube  
Fullerene  
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Figure 1-1 illustrates the main structural differences between carbon nanotubes.  
MWCNTs contain two or more carbon shells while SWCNTs have only one shell.  
The fact that carbon nanotubes are MWCNTs or SWCNTs affects their properties (e.g. 
electronic transport).  However, other major structural parameters such as the diameter 
must be considered.  The SWCNTs structure has a direct influence on their electronic 
nature, which can be metallic or semiconducting based on their geometry (length and 
diameter) and helicity.  Different aspects of CNTs have been extensively investigated 
such as their growth15, their structure16, their electronic transport17 and their electrical 
properties18.   
 
The atomic arrangement of CNTs was first presented in 19911.  The extremities are 
fullerene- like structures whose configuration allows the closure of nanotubes given 
the alternation between the hexagonal and pentagonal primitive cells.  Along the 
nanotubes, each carbon atom is bonded with 3 others by a trigonal arrangement with 
sp2 hybridization.  Thus, the carbon atoms are laid out on a honeycomb crystalline 
lattice which is is analogous to that of graphene.  The similarity between CNTs and 
graphene led to the representation of a nanotube as one sheet of graphene rolled-up 
on itself.  Thus, SWCNT can theoretically be referred to as a single rolled-up 
graphene sheet.  For MWCNTs, several graphene sheets are rolled-up around a 
common axis.  Although a graphene sheet can be rolled-up in innumerable ways, 
each SWCNT can be identified by one chiral vector.  The SWCNT is characterised 
by its structure which is defined by this chiral vector which contains information on 
its nature.  For a lattice with unit vectors 1a
r  and 2ar , a chiral vector hC
r
 can be 
defined by equation 1-1:  
21 amanCh
rrr
´+´= .  (1-1) 
hC
r
 is the vector representing the circumference of the SWCNT and the integers (n, 
m) define the helicity of a SWCNT.  Thus, hC
r
 gives access to their diameter and 
their structure is defined by their helicity.  A representation of the helicity and the 
type of nanotube is shown in Figure 1-2.  This is valid for the SWCNTs as the 
MWCNTs are composed of several SWCNTs with different helicities.  
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 (a) 
 
 (b) 
Figure 1-2 (a) SWCNT rolled up directions on a sheet of graphene. The axis used as 
the rolling up direction is the vector hC
r
 and the dashed lines are parallel of the 
nanotube axis. The chiral angle ? is defined by 1a
r  and hC
r
. For zigzag CNTs ? = 
0°, for armchair CNTs ? = 30° and for chiral CNTs 0 < ? < 30°. (b) Schematic of 
the rolling-up of a graphene sheet to form a SWCNT. 
 
For n = m, the nanotube has an armchair structure while for m or n=0, the nanotube 
has a zigzag structure while for all other values of m and n, the nanotube has a chiral 
structure.  Thus, CNTs are classified according to their number of walls and their 
chirality.  Although there are an infinite number of axes, which allows the formation 
of a nanotube from a sheet of graphene, the symmetric nature of the graphene lattice 
leads to only 3 families of carbon nanotubes: zigzag, armchair and chiral.   
 
The SWCNTs structure is fundamental to determine their properties.  Hamada and 
co-workers17 showed that SWCNTs could be metallic or semiconducting, which has 
been confirmed in other studies19.  The metallic or semiconducting nature is 
dependent on its helicity and diameter.  SWCNTs are metallic for l3=- mn  and 
are semiconducting for l3¹- mn  (l  integer) 17,20.  This double nature is reflected 
zigzag 
armchair 
? 
chiral 
a2 
a1 
5,0 
0,4 
5,4 
(0,0) 
tube axis  
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in their electronic densities of states found by Saito and co-workers21.  The van Hove 
singularities, present in their density of state, are a sign of their one-dimensional 
character22.  
 
Further, calculations revealed that provided there is a uniform distribution of chiral 
vectors, growths of SWCNTs will lead to a ratio of 1/3 metallic and 2/3 
semiconducting21.  The Kataura plots of SWCNTs (energy gap versus diameter) 
helped to determine whether the SWCNTs are semiconducting or metallic by using 
their structural properties23.  
 
1.2  Properties of the CNTs 
The significant interest and research effort currently invested in SWCNTs are 
essentially due to their potential to yield excellent physical properties.  Furthermore, 
in addition to their ability to be semiconducting or metallic, SWCNTs exhibit 
interesting mechanical, electrical, thermal and optical properties which are linked to 
their geometry and chirality.  For instance, the thermal conductivity of SWCNTs  is 
dependent on the diameter, temperature and chirality of the SWCNTs24. 
 
1.2.1  Electrical properties 
As mentioned before, the electronic properties of carbon nanotubes result from their 
helicity.  Due to their geometry, they are considered a one-dimensional material and 
they are the unique structure which exhibits a ballistic transport25,26,27,28 (or quasi 
ballistic transport in double-wall nanotube29) along their axis.  The impact of the 
carbon nanotube’s geometry on their electrical properties was well demonstrated, for 
instance a study showed the diversity of 4-point probes resistances for individual 
nanotubes.  Thus, resistances from 2.0´102 W for a 9.1-nm-radius CNT to a 2.4´108 
W for a 6.3-nm-radius CNT and resistances per micron from 2.0´102 W.µm-1 to 
4.8´108 W.µm-1 were obtained30.  Two-probe measurements carried out on individual 
MWCNTs resulted in an average resistance and conductivity of 7.2 kW.µm-1 and 
1.85´103 S.cm-1, respectively31.  Resistances in the range of 160-500 kW at room 
temperature were later reported for individual semiconducting SWCNTs with 
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diameters greater than 2 nm while reaching megaohms for diameters less than 1.5 
nm32.  The dependence of the electrical properties of the nanotubes over their 
diameter and helicity has already been established20.  Current densities greater than 
109 A/cm² has also been reported for individual SWCNTs using low-resistance 
contacts (Ti/Au electrodes)33.  This level of current density was also observed for 
MWCNTs34.   
 
1.2.2  Mechanical properties 
Carbon nanotubes are seen as the ultimate carbon structure to replace carbon fibres 
due to the similarities in their structures.  For instance, tensile strengths for CNT 
ropes and carbon fibres were found at 3.6 GPa and 3.0 GPa, respectively35.  Greater 
tensile strengths were calculated from this data giving 7.5 GPa for the SWCNT 
bundles and 22.2 GPa for an individual SWCNT35.  The structural differences 
between nanotubes and carbon fibres also impact on the thermoelastic properties of 
composites.  Improvements in the thermoelastic properties of CNT loaded polymers 
compared to carbon fibre loaded epoxy were also predicted36.  Thus, the superior 
mechanical properties (such as the stiffness) of the CNT over the carbon fibres, 
makes it possible to achieve performances similar to that of carbon fibres- load 
composites with a lesser loading of CNTs.  In addition, their low density implies that 
the overall weight of the composite is not notably affected, although its properties are 
significantly enhanced.  Thus, extensive research efforts have been vested in 
studying the mechanical properties of CNTs as a result of their potential, which has 
led to some remarkable results.  For instance, their Young’s modulus was 
theoretically estimated as high as 1.8 TPa37 and 1.25 TPa38 for individual MWCNTs 
and individual SWCNTs, respectively.  Micro-Raman analyses further confirmed the 
magnitude of the estimations of the Young’s modulus at 3005 GPa and 2437 GPa for 
SWCNT and MWCNT, respectively39.   
 
1.2.3  Thermal properties 
In microelectronics, as the number of transistors in a chip increases (Moore’s law) 
more heat is generated, thus thermal management becomes a challenge40.  This is due 
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to less space available as the consequence of the cluttering of the devices which 
causes the dissipation of heat by convection to be less effective.  Theoretical thermal 
conductivities of CNTs have been predicted to reach 3000-6600 W.m-1.K-1 41,42 
therefore, CNTs  are part of the novel technologies whose performances can meet the 
cooling need43.  However, calculations showed that the thermal conductance of 
SWCNTs is lower than previously thought, despite a longer length where the ballistic 
transport can occur44.  This was later validated by experimental data45.  Nonetheless, 
high thermal conductances are predicted to be reached for nanotubes with lengths 
greater than tens of microns44.  Experimental data obtained for a 2.76-µm-long 
individual SWCNT were found to be in agreement with the prediction46.  A series of 
experiment analyses confirmed the high thermal conductivities of nanotubes.  For 
instance, thermal conductivities of about 3500 W.m-1.K-1 at room temperature for a 
2.6 µm individual SWCNT with a diameter of 1.7 nm were found within 20% of the 
predictions47.  Other measurements on individual MWCNTs also showed a thermal 
conductivity at room temperature to be greater than 3000 W/K32 and a thermoelectric 
power of 80 mV/K 45,48.  Measurements carried out at room temperature on individual 
ropes of SWCNTs led to a range of thermal conductivities from 1750 W.m-1.K-1 to 
5800 W.m-1.K-1 48. Aligned bundles of SWCNTs exhibit thermal conductivity as high 
as 200 W.m1.K1 at room temperature49,50.  
 
1.2.4  Chemical properties 
The difficulty of solubilisation of carbon nanotubes, the poor interface quality 
between CNTs and matrixes for nanocomposites are foremost issues which hinder 
their integration in different applications.  These issues can be addressed by 
functionalising the nanotubes51.   
 
The structure of carbon nanotubes allows them to offer a wide range of chemical 
properties, from the insertion of small molecules like hydrogen and fullerenes into 
their cavities, to the addition of functionalised groups selectively located at their tip 
ends.  Figure 1-5 illustrates chemical modifications that carbon nanotubes can 
undergo52.  
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Figure 1-3: Chemical modification of carbon nanotubes. a, Aromatic molecules can be 
appended to nanotubes using certain non-covalent interactions (known as p–p interactions). 
b, Non-covalent interactions (including p–p interactions, van der Waals forces and charge-
transfer interactions) can be used to wrap polymers around nanotubes. c, Chemical groups 
can be covalently attached to nanotubes. 52. Reprinted by permission from Macmillan 
Publishers Ltd: Nature 447, 7148 p.1066, copyright 2007 
 
Carbon nanotubes inherit their chemical properties from both graphene and 
fullerenes.  Thus, the chemical stability of CNTs, mainly from their honeycomb 
lattice (like the graphene) is diminished by the curvature of the nanotubes, which 
explains a higher reactivity at their end.  
 
The pyramidalization angle i formalism53, also used for the fullerenes54,55, demonstrates 
the existence of different levels of reactivity for CNTs depending on its localised 
curvature.  This leads to the basic principle: the bigger the curvature, the higher the 
reactivity.  This explains the low reactivity inside the nanotube compared to the outside.  
This formalism, quantifying localised curvatures, also explains why the defect sites on 
the sidewalls of the CNTs are favoured locations for covalent bindings, showing that 
covalent reactions occur preferentially on and around the defect sites56-58.  
 
In the covalent functionalisation of the CNTs, a distinction can be drawn between the 
covalent bonds taking place on and/or around the defects (as well as tip ends) and the 
                                                 
i Pyramidalization angle: deviation between real position of coordinate atom and position of the same 
atom if it was in a planar molecule  
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covalent bonds generated on ‘flat’ sidewalls.  Covalent functionalisations by 
oxidation/carboxylation and radical additions are presented below.   
 
1.2.4.1  Oxidation/carboxylation 
The reactions for covalent functionalisation need to be aggressive in order to disrupt 
the stability of the CNTs.  Thus, harsh conditions are needed to oxidise/carboxylate 
CNTs but prolonging the oxidation/carboxylation can cut them.  Oxidation is done by 
heating the CNTs in presence of an oxidizing agent.  This agent could be a gas, e.g. 
air59,60 or ozone61-63, or an oxidizing liquid usually nitric and/or sulphuric acids64-68.  
Gas phase oxidations tend to form hydroxyl and carbonyl groups whereas liquid 
phase oxidations lead to carboxylic acid groups69.  Carboxylated CNTs have the 
advantage of being more soluble in water however, their electronic properties are 
disrupted and the semiconducting nanotubes are doped with holes70.  
 
1.2.4.2  Radical addition 
Radical additions on CNTs surfaces are mainly carried out using diazonium salts 
following a process developed by Tour and co-workers71,72 but a few radical 
additions carried out without diazonium salts have been recently reported73,74. 
The radical addition is self limited by the radicals reacting to each other, with the 
solvent and the bi-products created as much as reacting with the CNTs.  Radical 
additions have also been shown to occur preferentially on metallic CNTs75.  
 
By nature, the covalent functionalisation of CNTs inserts defects into their structure.  
As a result, their performances decline as the perfection of their structure deteriorates.  
For instance their thermal conductivity drops (e.g. decrease of about 100 W/mK for 
180 H atom attached) as nanotubes are covalently functionalized76,77.  Covalent 
functionalisations also worsen the electrical properties of the CNTs.  Contrary to an 
ionic functionalisation which can, depending on the dopant used, increase or 
decrease the electrical conductivity as it does not disturb the electronic structure of 
the nanotube, the covalent functionalisation interrupts the delocalization of the p-
system by creating sp3 bonds78.  
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As stated above, covalent bonding disrupts the nanotubes’ structure, which 
significantly reduces their performance while non covalent functionalisations provide 
an alternative to this.  The molecules (surfactantsii, polymers or aromatic molecules) 
are adsorbed on the surface of the CNTs instead of being grafted onto them.  
 
1.2.4.3  Polymer (or surfactant) wrapped SWCNTs  
This type of non covalent functionalisation of nanotubes, deals with polymers and 
surfactants.  These are able to wrap SWCNTs due to adsorptions based on van der 
Waals and hydrophobic interactions.  For instance, helical wrappings of SWCNTs by 
poly(phenylacetylenes) has been observed79.   
 
Studies show the ability80 and the diversity of surfactants81,82 used to disperse 
SWCNTs in aqueous solutions.  The surfactants are adsorbed on the SWCNTs with 
different possible organizations83 due to hydrophobic and van der Waals interactions 
between their hydrophobic backbones and the nanotubes.  
 
The mechanisms, which allow some polymer wrapping around CNTs, are considered to be 
led by van der Waals interactions84,85 or thermodynamically driven86,87.  The forces 
holding them together are believed to be CH-p interactions88, or van der Waals forces89,90.  
 
1.2.4.4  p -stacking 
When there is an overlapping of p  orbitals of juxtaposed aromatic molecules, the p-p 
interactions create stacks of these molecules.  It is believed that, at different degrees, 
both van der Waals, hydrophobic and electrostatic forces contribute to these p-p 
interactions91.  Being a network of aromatic rings it is possible to functionalise the 
sidewalls of the CNTs with molecules having aromatic rings92.  
 
The properties of CNTs are related to their fabrication processes and techniques via 
their structures (number of shells, geometryiii and perfectioniv of the structure), which 
are determined during their growth.  Initially fabricated by the arc-discharge method1, 
                                                 
ii Surfactant: surface active agent 
iii The geometry of the nanotube stands for their length and diameter 
iv The perfection of the structure of the nanotube stands for to the presence and amount of defects 
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the carbon nanotubes can now also be synthesized by laser ablation, chemical vapour 
deposition (CVD) and high pressure carbon monoxide (HiPCO). 
 
1.3  Growth of SWCNTs 
A self-assembly process is at the origin of the carbon nanotube’s growth regardless 
of the production technique used.  In the case of SWCNTs, the presence of catalytic 
nanoparticles is required to initiate the growth mechanisms.  These nanoparticles, 
usually made of transition metals: iron, cobalt or nickel, act as nucleation sites and 
their sizes determine whether or not nanotube growth can take place93.  While the 
lengthening step of the formation found a consensus, the nucleation mechanisms are 
still not understood and several models have been presented.   
 
Different growth mechanisms are reported for all production techniques such as arc 
discharge1, laser ablation, chemical vapour deposition (CVD)94, high pressure carbon 
monoxide (HiPCO) process95.  The yarmulke v  model proposed by Dai and co-
workers96 is the dominant hypothesis for the CVD growth.  This model, valid when 
the carbon source is a gas, suggests that the carbon atoms are forming a graphene cap 
around the catalytic nanoparticle.  This occurs to minimize its surface energy and the 
presence of this cap has to be maintained for the duration of the nanotube formation.  
Thus, the newly arrived carbon atoms are inserted preferentially between the 
nanotube edge and the nanoparticle96.  Details of SWCNT growth models are 
available in a review by Harris97.  
 
1.4  SWCNT networks and their electrical properties 
Two strategies are usually followed for the study of nanotubes.  The first approach 
involves the use of individual nanotubes, while the second consists of either using a 
nanotubes assemblage (bundle, mat or network) or a nanotubes- integrated matrix 
(film or composite).  This second approach is often chosen to avoid the challenge of 
the nanomanipulation and the difficulty with implementing large scale fabrications of 
                                                 
v Yarmulke (Yiddish for skullcap) is the term chosen by Dai et al. to name their growth model 
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devices.  The interest also lies in the optical, mechanical and electrical properties of 
carbon nanotube networks which make them good candidates for applications such 
as transparent electrodes98.  Thus, the work presented here was performed using this 
second strategy, where networks of nanotubes were fabricated and studied.  
 
The multiplicity of phenomena happening is explained by the diversity of nanotubes 
composing the network (diversity of CNTs mentioned in sections 1.1 and 1.2).  For 
instance, the junctions between two SWCNTs exhibit linear conductance responses 
as high as 0.28 e²/h [1.08´10-5 S] between two metallic SWCNTs while it may be 
greater than 0.02 e²/h [7.7´10-7 S] between two semiconducting nanotubes99.  
Complexity is also the result of parameters such as the length of the nanotubes 
constituting the network which influence the network conductivity100 and parameters 
such as the network’s thickness can also influence the conduction type within it101.  
Therefore the diversity of properties displayed by nanotube networks makes it 
impossible to establish any standards for one type of network.  This section provides 
a selection of results obtained for pristine SWCNT networks for reference.  
 
In SWCNT networks, where metallic and semiconducting nanotubes are mixed 
together, the ratio 1/3 metallic and 2/3 semiconducting is assumed to be preserved21.  
To have a metallic behaviour, the amount of metallic nanotubes has to be sufficient 
to overcome the percolation threshold and create a metallic path across the network.  
Percolation threshold in 2-D nanotube networks is achieved when an important 
increase of the conductance is observed for the threshold concentration102.  Using 
SWCNT in sodium dodecyl sulphate solution, a metallic percolation threshold was 
reported, when the fraction of SWCNT in the film was about 5.5´10-3.103  Provided 
the percolation of metallic nanotubes is not attained (or that the metallic nanotubes 
have been burnt off), SWCNT networks are likely to exhibit p-type semiconductor 
behaviour104,105.  The p-doped characteristic of nanotubes was shown to be non 
intrinsic to their nature.  It is rather explained by the high energy barrier contact 
between the CNTs and the metal contacts.  These energy barriers being influenced by 
the doping of the nanotubes, n-type CNTs are therefore possible providing an 
adequate functionalisation106.  
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At room temperature, the resistivities in the parallel direction to aligned SWCNTs is 
close to that of individual SWCNT ropes at 0.72 or 0.825 mW.cm for the annealed 
sample107.  Measurements in the parallel direction to SWCNT ropes displayed lower 
electrical resistivities, ranging from 0.34×10-4 to 1.0×10-4 W.cm (equivalent to 
electrical conductivities from 10000 to 30000 S/cm)108.  In the case of randomly 
oriented SWCNTs films, electrical conductivities are several orders of magnitude less 
than those of SWCNT ropes109-111.  Table 1-1 compares conductivities of SWCNT 
ropes and those of randomly oriented pristine SWCNT networks.  
 Conductivity (S/cm) Growth Purification Reference 
SWCNT 
ropes 10000-30000 
Laser 
ablation No Thess
108  
Randomly 
disposed 
SWCNT 
250 
Arc 
discharge 
none  
Bekyarova109  230 Yes 
400 Yes (hydroxyl groups) 
50 Laser ablation Yes Saran
110  
1.3 ´ 105 
HiPCO 
Yes 
Sreekumar111  
0.9 ´ 105 Yes (followed by heat treatment) 
Table 1-1 Electrical conductivities of SWCNTs networks depending on SWCNTs orientation, 
growth methods and, presence or absence of a purification step 
 
Another parameter, which also declines in nanotube networks, is the mobility; low 
mobilities were obtained in random SWCNT networks (from ~10 cm²/Vs for low 
density networks to ~100 cm²/Vs for higher density ones104).  This contrasts with the 
100000 cm2/Vs at room temperature112 estimated for individual semiconducting 
SWCNT.  The electrical properties displayed by networks of nanotubes tend to be 
worse than individual nanotubes or ropes.  However, the current density of SWCNT 
bundles exhibit 109 A/cm2, which is similar to that of individual SWCNTs (or 
MWCNT), although several nanotubes contribute to the conduction.  The self-
heating of the nanotubes provokes current breakdowns, observed beyond a current 
saturation step113. 
 
The SWCNT networks exhibit a metallic behaviour at high temperatures, which is 
overtaken by a non-metallic one as the temperature passes a crossover temperature114.  
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Current-voltage measurements carried out on SWCNT mats are also in accordance 
with the idea of having metallic and non-metallic types of conduction depending on the 
temperature region115.  These results are not standard as a non-metallic behaviour at 
higher temperatures and a metallic one at lower ones was expected and not vice versa. 
 
Variable range hopping (VRH) conduction was found to be the conduction model 
which governs the electrical transport in both ropes116,117 and mats of CNT115,118.  
Recent electrical measurements, carried out on SWCNT networks of various 
thicknesses further confirmed this VRH conduction119.  However, for small systems, 
the conduction can be dominated by the tunnelling phenomena.  It is the case at low 
temperatures, when the current-voltage characteristics of SWCNT networks were 
well fitted to the fluctuation- induced tunnelling model114.  Thus, such SWCNT 
systems led to conduction mechanisms based on the hopping mechanism or the 
tunnelling phenomenon.  A recent conduction model was proposed by Kaiser and co-
workers to explain the conduction in SWCNT networks.  They proposed a metallic 
conduction model, where the transport is interrupted by thin tunnelling barriers, 
backscattering by zone boundary phonons and VRH, to explain the electronic 
conduction in SWCNT networks245.  Thermoelectric power at ~60 µV/K and ~40 
µV/K at 300 K was also discovered from transport type analysis104,105.  For SWCNT 
mats exhibiting a thermoelectric power of ~40 µV/K, a relation between the 
thermoelectric power and the alignment or misalignment of the CNTs in the system 
was also established120.  External factors, such as the presence of gas in the sample 
environment, were also seen to impact the thermoelectric power of SWCNT ropes121.   
 
Electrical properties of SWCNT networks lack consistency and using identical 
nanotubes would induce more uniformity.  Researches showed that nanotubes can be 
produced by using short CNTs as seeds to initiate the growth.  The same nanotube was 
cut, and the short CNTs produced were used as templates and amplified during the 
growth122.  Therefore, this process makes possible the fabrication of networks where 
the presence of particular types of nanotube is enhanced.  Therefore, these networks 
are expected to help setting standards in the properties of such CNT systems.   
 
SWCNTs networks can be incorporated in devices such as light emitting devices, 
solar cells and transistors, and chemical functionalisations, often required for their 
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integration into devices, impact on the SWCNTs properties.  Thus, it is important to 
identify the electrical behaviour of functionalised SWCNT networks.  This thesis 
contributes to these research efforts in characterising the electrical properties of 
networks made of covalently and non covalently modified SWCNTs.  The aim is to 
establish the dominant conduction mechanisms across such SWCNT networks. 
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Chapter 2  
SWCNT layer-by-layer films 
 
 
2.1  Introduction 
Layer-by-layer (LbL) deposition technique is a process used to build-up multilayered 
films by exploiting the interactions between reagents.  The multilayered films 
subsequently produced can offer special characteristics depending on the reagents 
used123.  The interest in this deposition technique lies in its simplicity to implement 
and the sub-nanometre vi level of thickness control that it provides.  LbL method 
competes and even exceeds techniques such as Langmuir-Blodgett and self-
assembly124 because of the wide range of reagents available for this process.  
Applications for the LbL technique range from biotechnology125 to 
microelectronics126.  
 
Building up carbon nanotube multilayered films using layer-by- layer deposition was 
shown to be possible in 2002127 and studies of their structural, mechanical, electrical, 
and thermal properties were carried out128.   
 
This chapter reports on the fabrication of SWCNT LbL films and the identification of 
the transport mechanisms governing the conduction based on the combined study of 
their electrical characteristics (current-voltage, current electrode separation and 
current-temperature).  Furthermore, the charge storage capability of cut-SWCNT 
LbL films integrated in metal- insulator-semiconductor devices is demonstrated. 
 
2.2  Principle of the LbL deposition 
The principle of the LbL has been known since 1966 when R. Iler129 discovered that 
anionic particles create a monolayer as they bonded to cationic surfactants adsorbed 
                                                 
vi Typical thicknesses of a monolayer vary between 0.5 nm and 5 nm 
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on surfaces.  In 1991, G. Decher and J. Hong130 applied this principle to organic 
polyelectrolytes.  Then, the technique has been used in several disciplines for 
numerous applications from encapsulation131 to sensors132,133 and coatings134.  
 
The electrostatic attractions are the driving factor on which the LbL depositions are 
commonly based.  However, short ranging interactions like hydrophobic interactions 
should still be considered as an important factor for multilayer fabrication135.  LbL 
films can also be built up without employing electrostatic charges; in fact donor-
acceptor interactions136 and specific recognition137 are amongst the interactions used 
to stack layers.  
 
In the case of LbL depositions driven by electrostatic interactions (forces used to 
build up the multilayered films presented in this work), the deposition process 
requires complementarities of the electrostatic charges of its reagents.  Therefore, 
from small molecules to polymers, all types of reagents are allowed provided they 
carry electrostatic charges.  
 
To allow the formation of a multilayered film the same polyelectrolyte complex 
formation occurring in the solution has to take place on the surface.  A 
polyelectrolyte complex is formed when two aqueous solutions of polyelectrolytes 
carrying opposite charges are mixed together.  An insoluble complex is formed as the 
polyelectrolytes precipitate provided the charge density of the polyelectrolytes is 
high enough for attractive electrostatic interactions to overcome the backbone 
repulsions.  
 
In solution, for a charge density high enough, the charges of the monomers are 
repulsing each other, therefore all polyelectrotytes are stretched.  The range (short or 
long) of the electrostatic interactions between monomers can also depend on the 
levels of salts contained.  As the ions from the salt in the solution join up the 
opposite charges of the polyelectrolyte, fewer charges are left available and the 
electrostatic interactions have a short range.  This causes the polyelectrolytes to be 
compact.  For low ionic strength solutions, the polyelectrolytes are expected to be 
stretched due to long range interactions of the monomers repelling each other138.  In 
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this work, no salt was added to the solutions to maximise the length of the 
polyelectrolytes (so their surface coverage) and minimise the thickness of their layers.  
 
When a charged surface is interacting with an oppositely charged solution (e.g. 
dipping, spraying or spin coating) an electric field is created at the interface between 
the surface and the solution.  This electric field attracts counterions from the solution, 
which are confined at the interface.  These counterions create a screening effect, 
which causes the electric field to decrease as the distance to the surface increases.  
The confined counterions are adsorbed on the surface due to the ionic interactions, 
which neutralize the charges of the surface.  The electrostatic charges of ions 
carrying the same charge as the surface are repelled by the electrostatic field.  
Therefore, these ions, required for the neutrality of the polyelectrolyte solution, do 
not approach the surface and only the desired polyelectrolytes are deposited.  
 
The polyelectrolytes are not flat on the surface, instead they form loops.  Thus, the 
charges located on the loops of the polyelectrolytes allow the overcompensation of 
the surface charges.  An inversion of charge of the surface takes place as it now 
carries the charge of the adsorbed polyelectrolytes.  
 
As the adsorption carries on, the density of opposite charges increases, then stabilises.  
This stabilisation occurs when new polyelectrolytes cannot access the surface as they 
are repelled by the adsorbed polyelectrolytes, which carry the same electrostatic 
charges.  This typically happens after 20-30 minutes of deposition138. 
 
The attractive and repulsive principle of electrostatic charges is exploited to build up 
LbL films, as opposite charges are subdued to an electrostatic attraction.  Therefore, 
alternating layers of cationic and anionic molecules layers allows the building up of 
multi- layers films.  Thus, in principle, LbL deposition can occur with any cationic 
and anionic molecules since it is the reversal of electrostatic charges that is 
responsible for the building process.   
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2.3  Carbon nanotube multilayered films 
As stated previously, the LbL method requires the alternated reversal of electrostatic 
forces (charges) to build-up multilayered films.  As such, to build-up LbL films of 
carbon nanotubes, electrostatic charges have to be adjoined to the CNTs.  This is 
achieved by functionalising the nanotubes.  In Chapter 1, two functionalisation 
approaches were introduced: the covalent and non-covalent functionalisations.  Both 
methods can supply charges to the nanotubes depending on the functional groups 
added on.  Nonetheless, the integrity of the structure of the nanotubes is preserved 
with the non-covalent functionalisation.  Therefore, the nanotubes were 
functionalised with ionic surfactants to obtain the electrostatic charges needed.  
 
The surfactant functionalisation of the carbon nanotubes results from their adsorption 
onto the nanotube’s surface via hydrophobic and van der Waals forces (see section 
1.2.4.3).  For the LbL process applied here, the non-covalent functionalisation of the 
nanotubes consisted of wrapping the nanotubes with anionic and cationic surfactants.  
A description of the process, used to build-up carbon nanotube multilayered films 
with the layer-by- layer method, is presented below.  
 
2.3.1  Substrate preparation 
Substrate cleaning 
The substrates were left in a piranha solution (H2SO4:H2O2 at 1:1) for 20 minutes, in 
order to eliminate impurities.  After washing in two successive deionised water baths, 
the substrates were sonicated in deionised water.  This was followed by a rinse in 
propan-2-ol.  This procedure was sufficient to obtain contamination-free substrates.  
 
“Seed” polyelectrolyte multilayer 
Prior to depositing the nanotubes loaded LbL film, each substrate was coated by 2-3 
“seed” bi-layers of polyelectrolytes to charge the surface and increase the amount of 
nanotubes deposited from their first layer.  These seed multilayers were always started 
by the adsorption of polyethyleneimine (PEI), a branched polyelectrolyte whose 
adsorption structure was shown to be patch- like flat in the dried state139.  Desorptions 
of PEI from the layer were observed between pH 9.7 and pH 5.8140.  Thus, pH of the 
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PEI solution used was set at pH 6.2 with tris(hydroxymethyl)aminomethane (Tris) 
buffer.  Tris buffer was also used for the other polyelectrolytes to avoid charge transfer 
between layers, which could end up reaching the pKa of the acid and base 
polyelectrolytes.  Reaching their pKa would result in protonated polyelectrolytes, 
which would not have charges available to carry on the deposition.  The first 
polyelectrolyte adsorption is attributed to bridging attraction between the non charged 
surface and the PEI, which provides a high adhesion141.  This first PEI layer provides a 
positively charged surface onto which a negatively charged polyelectrolyte is 
subsequently deposited.  Another layer of PEI is deposited and as stated in the section 
2.2, the alternated reversal deposition process is repeated until the desired number of 
layers is achieved.  The polyelectrolytes used as seed layers include PEI for the 
positive charge and polystyrenesulphonate (PSS) or polyacrylicacid (PAA) for the 
negative charge.  Their chemical structure is given in Table 2-1. 
PEI PSS PAA 
*
N
N
H
N
NH
H
N
*
NH2 NH
NH2
N
H2N NH2
n
 S
OH
OO
*
* n
 
O OH
*
*
n  
Table 2-1 Monomer structures of the polyelectrolytes used in this work 
 
The seed layer deposition is influenced by parameters such as the pH of the solutions, 
salt concentration, deposition time and rinsing and drying steps.  To minimize the 
thickness of these seed multilayers, rinsing and drying steps were performed after 
each polyelectrolyte solution dip124 and no salt was added to the polyelectrolyte 
solutions leading to stretched polyelectrolytes.  As the surface adsorption rates 
decrease after 20 min, the deposition time was kept to 30 min to minimise 
discrepancy in the films thickness124.   
 
2.3.2  Carbon nanotube wrapping 
As mentioned in Chapter 1,  surfactants interact with SWCNTs by van der Waals 
interactions and hydrophobic bounding.  These interactions take place between the 
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non-polar termination (hydrophobic) of the surfactant and the nanotube’s surface so 
the hydrophilic termination (polar head) of the surfactant is directed towards the 
aqueous solution.  The surfactants, located at the interface between the nanotube and 
the solvent, reduce the interface energy between the water and the SWCNTs.  Thus, 
the dispersion of surfactant wrapped SWCNTs is facilitated and the solubility of the 
SWCNT/surfactant assembly in an aqueous solution increases.  
 
For the wrapping to occur, the concentration of surfactants in the solution has to be 
higher than their critical micellar concentration (CMC), as the amphiphilic molecules 
have the ability to self-organize in micellesvii, providing that their CMC is reached.  
Amphiphilic molecules are spontaneously self-assembled in micelles when their 
CMC is reached as they act to minimize the contact between their hydrophobic 
termination and the aqueous solvent.  Micelles formations are entropy driven as both 
hydrophobic effect and entropy of transfer of hydrocarbon from water are the major 
factors contributing to the micellisation142.  In a non polar solvent, reverse micelles 
are formed under the same principle.  Thus, in aqueous solutions, the hydrophobic 
terminations of the surfactants are directed towards the interior of the micelle and 
their polar heads towards the solution.  In oil, their polar heads are directed toward 
the interior of the reverse micelle.  An amphiphilic monomer and its micellar self-
organisations are illustrated in Figure 2-1.  
 
Figure 2-1 (a) monomer of an amphiphilic molecule, (b) micelle self-organisation of 
monomer in aqueous solvent provided monomer concentration > CMC and (c) reverse 
micelle self-assembly of monomer in oil based solvent for monomer concentration > CMC 
 
                                                 
vii Micelle: molecular structure resulting of the self assembly of amphiphilic molecules 
(c) reverse micelle  (b) micelle 
(a) amphiphilic molecule 
polar head 
hydrophobic termination 
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Once the surfactants solutions are prepared, the same self-organisation process takes 
place when micelles are in the presence of poorly soluble compounds.  This 
phenomenon is exploited in detergents to remove non soluble matter as well as in 
lubricants143.  The wrapping of surfactants around SWCNTs occurs according to the 
process of micellar self-organisation seen in Figure 2-1 (b).  Thereby, the surfactant 
wrapping of the nanotubes is basically the formation of micelles around the 
SWCNTs and in order for this wrapping to occur and be stable, the CMC of the 
surfactant solutions has to be reached144.    
 
Micelles are dynamic structures given that intermicellar exchanges occur in solution.  
Thus, to have stable solutions the surfactant concentrations have to be higher than 
their CMC.  The ultrasonication of SWCNTs in surfactant solutions has therefore 
two aims: firstly, breaking down the bundles of SWCNTs in smaller bundles and 
individual nanotubes and secondly, disturbing the micellar structures in order for the 
micellisation to be reassembled around the SWCNTs.  After sonication the SWCNTs 
are dispersed in the surfactant and these solutions will be used for the layer-by- layer 
process.  The ionic surfactants used in this work are sodium dodecyl sulfate (SDS) 
and dodecyltrimethylammoniumbromide (DTAB), which provide negative and 
positive charges respectively.  Figure 2-2 displays the chemical representations of 
these surfactants.  
DTAB N
CH3
CH3
CH3
Br
 
SDS 
O
S
O O
O
Na
 
Figure 2-2 Chemical representation of DTAB and SDS surfactants 
 
2.3.3  SWCNT LbL film building process 
Dipping a substrate in a charged solution is the first deposition method used to build 
up LbL films124.  Following this dipping process, spraying145, spin-coating146 and 
continuous flow147 methods have been reported as LbL methods.  The advantages of 
the spraying over the dipping lies principally in its convenience, as it can easily be 
employed for large areas.  Yet, with this technique, the intermediate rinse steps are 
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essential to the film quality145.  The spin coating technique used for LbL depositions 
provided faster deposition process and higher ordered multilayers films than the 
dipping process146.  The LbL films built-up by dipping appeared more uniformed 
than the film built-up using a cell flow147.  
 
The LbL multilayered films built up in this work were made by solution dipping.  
This was preferred to the spin coating as the dipping method does not restrict the size 
of the samples.  The dipping process was also chosen over the spraying technique to 
avoid creating aerosols containing carbon nanotubes. 
 
The deposition process exploited in this work consists of dipping the pre-charged 
substrate into solutions of surfactant-wrapped nanotubes.  The excess of surfactant is 
eliminated by rinsing the substrate with deionised water and drying it with a N2 flow 
after each dip.  The next layer is then deposited onto the previously adsorbed layer.  One 
sequence of the building up of the SWCNT LbL film is illustrated in Figure 2-3 (a).   
 
Figure 2-3 (a) build up process:  cationic surfactant bath for the deposition of the 
positively charged monolayer,  anionic surfactant bath for the deposition of the negatively 
charged monolayer and  &  water baths to remove the excess of surfactant. (b) 
multilayer LBL film of SWCNT 
 
Based on the charge reversal principle described in section 2.2, phase 1 corresponds 
to the dipping of the negatively charged substrate into positively charged nanotube 
solution (DTAB wrapped SWCNTs) and phase 3 relates to the dipping of the 
positively charged substrate into negatively charged nanotube solution (SDS 
wrapped SWCNTs).  The multilayered film is then built-up by repeating this 
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sequence n times.  Figure 2-3 (b) shows the building up after the sequence was 
repeated n times.  
2.4  SWCNTs and SWCNT LbL film characterisations 
The quality of the structure of the SWCNTs integrated in the LbL films was assessed 
by Raman and UV-visible-near IR spectroscopies.  Raman spectroscopy also 
provided confirmation that the transfer of nanotubes from the solution to the 
substrate had occurred.  The morphology of the SWCNT LbL films was revealed in 
AFM scans.  The analysis was completed by conductive AFM scans, which provided 
scans of the current distribution across the SWCNT LbL films subjected to an 
electric field. 
 
2.4.1  Raman spectroscopy 
The presence of SWCNTs in the LbL films has been assessed by Raman 
spectroscopy.  The lattice vibrations along the nanotube axis are equivalent to the 
vibrations by elongation, which are occurring between the carbon atoms in the 
graphene (CNTs represented as graphene sheets rolled-up on themselves, see 
Chapter 1).  Because SWCNTs  are composed of sp2 carbon atoms (see Chapter 1), 
their Raman signal is around 1590 cm-1 whereas the peak positioned at about 1320 
cm-1 represents the response of sp3 carbon atoms.  Figure 2-4 compares the Raman 
spectra of pristine TS-SWCNTs viii (“as received” in the form of powder) with that of 
TS-SWCNTs integrated in an LbL film. 
                                                 
viii TS-SWCNT for SWCNTs from Thomas Swan which were shown to be a mixture of SWCNTs, 
DWCNTs and few walls -MWCNTs with a high proportion of DWCNTs. 
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Figure 2-4 Raman spectra of as received TS-SWCNTs (powder) and TS-SWCNT LbL 
film. The three peaks marked by *  are known to be from the Si/SiO2 substrate used 
for the LbL deposition1 4 8  
 
Figure 2-4 shows the expected Raman spectra for the SWCNTs149.  The G-band of the 
sp2 vibrations in longitudinal and transversal directions and the D-band of the sp3 
vibrations are positioned at around 1590.9 cm-1 and 1322.6 cm-1, respectively.  Bands 
of the radial breathing modes (RBM) for the vibration in the perpendicular direction of 
the nanotube’s axes are located at 154.9 and 198.7 cm-1.  The G’-band, overtone of the 
D-band, is positioned at 2604.5 cm-1 and 2628.5 cm-1 for TS-SWCNTs as powder and 
for TS-SWCNTs in LbL film, respectively.  This upshift to higher wavenumbers of the 
G’-band of TS-SWCNTs in LbL film is explained by the stress from the LbL film150.   
Note: Transmission electron microscope pictures of SWCNTs from Thomas Swan 
supplier (TS-SWCNTs) showed that there was a mixture of SWCNT, double-wall 
CNTs (DWCNTs) and few wall-MWCNTs with a high proportion of DWCNTs.   
 
The ratio between the intensities of the sp2 and sp3 peaks (Isp2/Isp3) is much higher in 
the case of the TS-SWCNTs powder (Isp2/Isp3=8.5) than the TS-SWCNTs in the LbL 
film (Isp2/Isp3=2.1).  This difference is explained by the presence of surfactant in the 
film whose hydrophobic parts are chains of sp3 carbon atoms. These sp3 carbon 
atoms are therefore enhancing the intensity of this D-band.  The presence of 
DWCNTs and MWCNT in the sample also explains the broadening of the base of the 
G-band.  This broadening, the result of the interactions with phonons, makes the 
transversal peak indistinguishable from the longitudinal peak.  It is important to note 
that three peaks from the Si/SiO 2 substrate appear on the second spectrum.  
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2.4.2  UV-visible-near IR spectroscopy 
The UV-visible-near IR spectroscopic analyses inform on the electronic structure of 
SWCNTs.  The observation of van Hove singularities in SWCNT spectra is typical to 
the 1-dimensional nature of their density of states20.  Thus, the UV-visible-near IR 
analyses provide an insight into the disruption of the electronic structure of the 
SWCNTs.  The van Hove singularities represent energy transitions of metallic and 
semiconducting nanotubes.  Dispersions of SWCNTs in DTAB and in SDS, at 1:4 
mg/ml of SWCNT in solutions, were prepared by ultrasonication and were left to 
stand for a couple of days so that the non dispersed SWCNTs would settle at the 
bottom.  The UV-visible-nIR analyses were performed on stabilised dispersions of 
cationic-SWCNTs and anionic-SWCNTs in DTAB and SDS solutions, respectively.  
The spectra were recorded for wavelengths within the range 480-1300 nm to avoid 
the noise signal resulting from the presence of water in the solutions.  Normalised 
absorption spectra for both SWCNT solutions are presented in Figure 2-5.  
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Figure 2-5 Absorption spectra normalised at 480 nm of SWCNT in DTAB and SDS solutions 
at 0,65%wt and 1%wt in water, respectively.   
 
The UV-visible-near IR spectra of both SWCNT dispersions (Figure 2-5) show van 
Hove singularities, which are indicative of the uni-dimensional nature of the 
SWCNTs20.  The positions of the singularities displayed in Figure 2-5 are in 
agreement with interband transitions whose positions for HiPCO SWCNTs are151: 
  w 400-650 nm for the first interband transition of metallic nanotubes, 
  w 900-1600 nm for the first interband transition of semiconducting nanotubes and  
  w 550-900 nm for the second interband transition of semiconducting nanotubes.  
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Thus, the singularities, observed in Figure 2-5 from 480 to 650 nm, correspond to the 
first interband transition of the metallic SWCNTs, and the second interband 
transition of the semiconducting SWCNTs.  The fact that the singularities for the first 
interband transitions of semiconducting SWCNTs are not visible is explained by the 
broadness of the singularities.  All singularities displayed in Figure 2-5 are broad 
because of interactions between bundled SWCNTs152.  This indicates the presence of 
bundles of SWCNTs in the dispersions used to build up the multilayered films.   
 
The empirical Beer-Lambert law (equation 2-1) expresses the relationship between 
the absorption and the concentration of substances as: 
ClA ll e=       (2-1) 
Where lA , le , l  and C  are the absorption at the wavelength l , the extinction coefficient 
25.5 (mg/L)-1 cm-1 at 500 nm153, the path length and the concentration, respectively.  
Figure 2-5 indicates that the concentrations at 500 nm are 310/ =DTABSWCNTC  mg/L 
and 6944/ =SDSSWCNTC  mg/L, respectively.  These proportional coefficients and the 
absence of crossover in the plots of the absorption spectra of Figure 2-5 indicate that 
the SWCNT are more soluble in SDS than in DTAB.   
 
2.4.3  SWCNT LbL film morphology 
The arrangement of the SWCNTs on the surface of the LbL film was investigated with 
an atomic force microscope (AFM).  This investigation was completed with a study of 
the current distribution across the LbL film using a conductive AFM tip.  
 
Topography  
Figure 2-6 shows the presence of SWCNTs in the LbL films and the ir local 
arrangement on the surface. 
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(a) (b)  
Figure 2-6 AFM image of a 20 bi-layers SWCNT LbL film (a) 10mm scale and (b) 1mm scale. 
SWCNT bundles are randomly deposited at the surface.  
 
Figure 2-6 (a) and (b) shows the topographic picture of SWCNT LbL films.  
SWCNTs and SWCNT bundles are randomly distributed onto the surface with their 
axes mostly parallel to the surface plane.  This picture confirms the data from the 
UV-visible-near IR spectra, indicating the presence of bundles, which are transferred 
in the multilayered films.  This 2-dimensional arrangement of the surface can be 
explained by the different layers stacking on top of each others.  A small amount of 
interpenetration is expected between the SWCNT layers as their size would prevent 
them from being displaced154.  Overall, a network of randomly oriented SWCNTs is 
created as the nanotubes are interconnected to each other.  Figure 2-6 (a) also 
displays lumps of what is expected to be micelles aggregates.  Thickness of 8.8, 10.8 
and 10.5 nm for 10, 20 and 30 bi- layers SWCNT LbL films, respectively, were 
measured with the AFM.  This contrasts with the estimate of 70 nm for 10 bi-layers 
SWCNT LbL films obtained using a quartz crystal microbalance (QCM)155.  The 
discrepancy cannot only be explained by the fact that the AFM provided local 
analyses (micron scale), where the area scanned was thinner, while the QCM 
analysed areas at the centimetre scale.  Though the same deposition technique was 
employed for both LbL processes, the rinsing techniques were different.  In this case, 
the substrates were dipped into a beaker of deionised water instead of being rinsed 
with flow of deionised water.  Thus, this difference of thickness is explained by 
desorptions of SWCNTs, which occurred during the rinsing step156-157. 
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Electric mapping  
LbL thin films were built-up on metal coated glass slides, in order to be analysed 
with a conductive AFM.  This technique, valid for resistive films, consists of 
applying a potential between the metallic substrate and the metal coated AFM tip.  
The current tunnels through the out-of plane direction of the LbL films, and is sensed 
as the tip scans the surface.  The resulting image is the current distribution (electrical 
mapping) across the film.  Its intensity varies, depending on the conductivity of the 
material that it passes through.  These images provide an ins ight on whether or not 
conductive paths are created by the SWCNT networks and their distribution.  The 
electrical mapping, shown in Figure 2-7, displays the current intensity in a 5 bi-
layers LbL film where no nanotubes were loaded.  Figure 2-8 shows the current 
mapping of a 10 bi- layers SWCNT LbL film.   
 
Figure 2-7 Electrical AFM picture of a 5 bi-layers LbL thin film without SWCNTs, 10 V 
applied 
 
In Figure 2-7, the white dots in the picture are the currents detected by scanning the 
insulating 5 bi- layers of LbL filmix  with a 10 V bias.  The film appears to be 
insulating despite the sparks of current.  The current intensity scale shows that the 
level of current registered (10-10-10-9 A) is small for the 10 V bias applied.  
                                                 
ix Insulating 5 bi-layers LbL film: (PEI/PSS)2 (DTAB/SDS)5 
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Figure 2-8 Electrical AFM picture of SWCNT LbL film with 10 bi-layers of SWCNTs; 
applied voltage ~1 V 
 
Figure 2-8 shows the current mapping on almost 100mm scale of a 10 bi- layers 
SWCNT LbL film.  A current level of around 10-7 A is obtained when a voltage of 1 V 
is applied across the film.  This picture revealed the existence and distribution of 
conductive materials  across the LbL film.  The arrangement of the conductive region 
provides further evidence of the islands-like structure, which is characteristic of 
multilayered films built-up using the LbL method158.  Figure 2-8 also shows the 
presence of a long range network of nanotubes created by the stacking of SWCNT 
patches allowing conduction paths across the LbL film.  Therefore, any electrical 
conduction in the SWCNT LbL film is the result of the presence of nanotubes in the 
LbL films.  The current level displayed in Figure 2-8 is consistent with the one in 
current maps recently reported159.  
 
2.5  SWCNT LbL films: electrical characterization 
Electrical characteristics (voltage and temperature dependence of the current) of 
SWCNT LbL multilayered films were obtained by current-voltage (I-V) and current-
temperature (I-T) measurements.  These characteristics will be the basis of the 
electrical study carried out to identify the conduction mechanism across such films. 
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2.5.1  Electrical contact 
Nanotube-metal coupling  
Access to the intrinsic electrical properties of the film requires minimising the 
contact resistance between the electrodes and the SWCNT film.  As the nanotubes 
were wrapped with surfactants (insulating materials), the choice of metal for the 
contacts was made considering the work function of the SWCNTs.  Rhodium and 
palladium have been shown to provide the best electrical contacts and exhibit quasi 
ohmic contacts with CNTs160.  For instance, an ab initio study found Pd as the best 
metal to establish contact with the nanotubes161.  Calculations based on quantum 
mechanics showed that titanium forms ohmic contacts with both metallic and 
semiconducting SWCNTs162.  Therefore, in absence of Pd, titanium was used for 
the metal contacts.  
 
Electrode deposition 
In-plane and out-of-plane configurations were used to study the SWCNT LbL films.  
The electrodes, for the in-plane configuration, were made of chromium/gold (Cr/Au) 
or titanium/gold (Ti/Au) electrodes.  The choice of gold was dictated by its work 
function (greater than that of nanotubes) and noble metal quality (non-reactive with 
the surfactant solutions).  The sub-layer of Cr (or Ti) was deposited to increase its 
adhesion to the substrate.  A schematic of the device is shown in Figure 2-9. 
 
Figure 2-9 Schematic of the arrangement of electrodes in the in-plane configuration 
 
In the out-of-plane configuration, the bottom electrodes are made of Cr/Au or Ti/Au 
for the same reasons.  The top electrodes were made of aluminium to minimize (if 
any) metal migration during the out-of-plane measurements.  Figure 2-10 illustrates 
the architecture of the device for the out-of-plane measurements.   
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Figure 2-10 Schematic of the arrangement of electrodes in the out-of-plane configuration 
 
Metal contacts were deposited by electron beam or thermal evaporation on the 
substrates before the film deposition.  The shape and separation of the electrodes 
were determined by the designs of the shadow masks.  Compared to the 
photolithography process where micron size resolutions are reached, this method 
allows faster electrode depositions.  It also avoids contamination of the sample by 
chemicals (photoresist and developer) whose use is inherent to the photolithography 
process.  Shadow masks are plates where holes of different geometries are drilled.  
The evaporated metals are deposited on the sample through these holes.  Therefore, 
the electrodes adopt the design of the holes.  In this case, the holes have a millimetre 
size as they were made by drilling into metallic plates.   
 
2.5.2 SWCNT LbL films: current-voltage measurements 
I-V characteristics were measured at room temperature in a dark rig using a 2400 
Keithley source meter.   
2.5.2.1  In-plane configuration 
In-plane I-V characteristics of LbL networks were measured at room temperature for 
different electrode separations  and for voltages from -200 to 200 V.  Figure 2-11 
displays the I-V characteristics for an LbL film without SWCNTs with electrode 
separations of 6 and 10 mm.  The measurements were carried out at room 
temperature on LbL films having the architecture illustrated in Figure 2-9.   
Similarly, current responses for LbL networks made with 5, 10 and 20 bi- layers of 
SWCNTs were measured, with I-V characteristics for 5 bi- layers shown overleaf in 
Figure 2-12.   
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Figure 2-11 I-V plots of 5 bi-layers LbL thin film built-up without SWCNTs 
 
Figure 2-11 shows that LbL thin films which do not contain nanotubes display a 
current in the order of 10-10 A in these conditions.  Therefore, any trend observed in 
the SWCNT LbL films will be the result of the presence of SWCNTs.  This supports 
the conclusions made from the conductive AFM pictures. 
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Figure 2-12 In-plane I-V characteristics for (a) 5 bi-layers LbL network with electrode 
separations of 4, 5, 7, 8 and 14 mm. (top) Bias from -200 to +200 V (bottom) bias from -20 
to +20 V (b) 10 bi-layers LbL network with electrode separations of 4, 5, 6, 7, 8, 10 and 14 
mm (c) 20 bi-layers LbL film with electrode separations of 4, 12 and 14 mm 
 
Table 2-2 indicates the currents at 200 V found from these characteristics, for the 4 
and 14 mm electrode separations. 
 
Number 
of bi-
layers 
Current (A) 
4 mm 14 mm 
5 1.8´10-3 3´10-4 
10 2.67´10-4 5.16´10-4 
20 1.8´10-4 2.48´10-5 
Table 2-2 Current at 200 V with 4 and 14 mm electrode spacing 
 
The I-V plots displayed in Figure 2-12 suggest the following 
  * The current is likely to be higher as the electrode separations are shorter.  It is 
due to the electrical field which increases as the electrode separation decreases.  Yet, 
it is not always observed in the 10 bi- layers SWCNT LbL film.   
  * The I-V curves of the SWCNT LbL thin films obtained during this study are 
characterised by the linearity of the current at low voltage as shown in Figure 2-12 
(b).  The transition, between the linear and non linear regions, occurred around 25 V, 
regardless of the film thickness.   
  * Increasing the SWCNT LbL film thickness does not always lead to an increase of 
current as it is shown in Table 2-2.  This can be explained by the concentration of 
nanotubes in the solution, which gradually drops as they are transferred on the 
substrate.  This results in a less concentrated solution for the following dipping.  
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Moreover, the fact that surfactants are also transferred affects the stability of the 
dispersion.   
 
The increase of current with the decrease of the electrode separation is in accordance 
with data already reported, though the transition from a linear to a non linear region 
occurs at much lower voltages than the ones shown in Figure 2-12155.  Similar to the 
data in Table 2-3, the study of the impact of the number of layers on the current 
magnitude for MWCNT/glucose oxidase LbL film revealed the presence of an 
optimum film thickness for which the current is maximal163. 
The study of the in-plane electrical characteristics of SWCNT LbL films revealed 
that a 10 bi- layers-thick film was an optimum.  LbL films built up with TS-SWCNTs 
and SWCNTs displayed the same electrical behaviour : a linear region at low voltages 
(up to ~25 V) and a non linear region at high voltages.   
 
2.5.2.2  Out-of-plane configuration 
Twenty bi- layers of SWCNT LbL films were built up to measure the out-of-plane I-
V characteristics at room temperature, using the configuration shown in Figure 2-10.  
The voltage was limited to 5 V to avoid current breakdowns.  Figure 2-13 shows an 
average of 3 typical I-V characteristics obtained for such measurements.   
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Figure 2-13 (a) Out-of-plane I-V characteristics for a 20 bi-layers SWCNT LbL film; (b) Log-log scale 
 
The out-of-plane I-V characteristic displayed in Figure 2-13 (a) is linear at low 
voltages (up to around 2.2 V), afterwards, the trend slightly curves.  Figure 2-13 (b) 
shows the 0.75 slope found between 3 and 5 V while a slope of 1 was found at low 
voltages.  Then the current deviates from its ohmic-like behaviour at high voltages.  
The deviation from the linear behaviour is attributed to the beginning of a current 
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saturation, which is followed by a current breakdown (see Appendix A, Figure A-9).  
The ohmic behaviour and current intensity (~0.4 A at 5 V) of the I-V characteristic 
displayed in Figure 2-13 (a) contrast with results (non linear behaviour and current at 
~0.1 mA at 5 V) reported in such films155.   
 
2.5.3  SWCNT LbL films: current-temperature 
measurements 
Current-temperature (I-T) characteristics were plotted to find out the current 
dependence with the temperature.  For that, I-V measurements carried out at different 
temperatures were used to extract the I-T characteristics.  The measurements were 
carried out using a Janis Research/CTI cryogenics’ cryostat rig at about 2´10-4 mbar 
with a 331 temperature controller from LakeShore.  The voltage was applied using a 
Keithley 2400 source metre.  All measurements were carried out in the dark. 
 
2.5.3.1  In-plane configuration 
I-V characteristics were measured on 20 bi- layers of SWCNT LbL films, with the in-
plane configuration, set at different temperatures.  The current dependence with the 
temperature was extracted from these measurements.  Figures 2-14 and 2-15 display 
typical I-T characteristics between 150 and 350 K obtained for such a film at 1, 5, 10 
and 20 V with 1 and 4 mm as electrode separations.   
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Figure 2-14 I-T characteristics at 0.4, 1, 5, 10 and 20 V for a 20 bi-layers SWCNT LbL film 
with 1 mm of electrode separation 
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Figure 2-15 I-T characteristics at 0.4, 1, 5, 10 and 20 V for a 20 bi-layers SWCNT LbL film 
with 4 mm of electrode separation 
 
Figures 2-14 and 2-15 show the I-T characteristics obtained for a 20 bi- layer-
SWCNT LbL film with 1 and 4 mm of electrode separations, respectively.  Although 
both figures display a consistent decrease of the current intensity as the temperature 
is reduced from 350 K to 150 K, their I-T characteristics are completely different.  
Indeed, for small electrode separations (1 mm) the I-T plots in Figure 2-14 appear 
fairly straight but non linear.  For wider electrode separations the current increases 
exponentially with the temperature.  This exponential trend is well pronounced for 
temperatures above 300 K (Figure 2-15).   
 
2.5.3.2  Out-of-plane configuration 
I-V measurements carried out with the out-of-plane configuration showed the 
presence of short-circuits for 5 and 10 bi- layers of SWCNT LbL films.  So, the out-
of-plane measurements were only performed on 20 bi- layers of SWCNT LbL films.  
Short-circuits are suggested to be caused by the non homogeneous distribution of 
material in the film, which leads to a direct contact between the bottom and the top 
electrodes.  The presence of pinholes can also explained these short-circuits as 
pinholes can act as growth centres where evaporated metal can penetrate and create 
metal filament across the layers164.  The voltage applied was limited at ±1 V for the 
temperature dependence study.  I-T characteristics from 50 to 350 K are displayed in 
Figure 2-16 for 0.5 and 1 V. 
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Figure 2-16 Out-of-plane I-T plots for a 20 bi-layers SWCNT LbL film at V=0.5 V and V=1 V 
 
Figure 2-16 shows that over the whole temperature range the current constantly 
increases as the temperature reduces.  This influence of the temperature on the 
conductivity rules out any conduction model displaying an increase of current with 
temperature.  In addition, the variation of the current intensity over the whole range 
of temperature is small.  Thus, Figure 2-16 suggests that the conduction in the out-
of-plane direction of the SWCNT LbL films can be governed by tunnelling 
mechanisms.  Tunnelling phenomena tend to have a temperature dependence via the 
dielectric constant of the material165.   
 
2.6  SWCNT LbL films: conduction models  
In this section, the electrical characteristics presented in section 2.5 are analysed 
according to possible conduction models occurring in insulating films.  The aim of this 
study is to identify the dominant transport mechanism across the SWCNT LbL films. 
 
The fabrication method used to build up the SWCNT LbL film relies on the 
wrapping up of the SWCNTs by the surfactants, and on the electrostatic charges 
balancing each others.  The wrapping of the SWCNTs does not need to be total to 
allow the dispersion.  The carboxylic groups, present on the SWCNTs’ surface, bear 
a negative charge in aqueous solvent and can balance a previous positive charge.  
Then the nanotubes can be in contact with each other, forming different junctions: 
SWCNT-surfactant-SWCNT; SWCNT-surfactant-surfactant-SWCNT and SWCNT-
SWCNT.  These possibilities show that in addition to one or two coating(s) of 
surfactant (insulating coating) between the SWCNTs, it is also likely to have 
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nanotubes in direct contact.  This allows different types of charge transport to take 
place simultaneously.  Therefore, it is only the conduction model that dominates the 
transport across the SWCNT LbL film which can be identified here.   
 
2.6.1  Transport in thin insulating films 
The insulating nature of the surfactant interfaces between SWCNTs leads to consider 
the conduction with a metal- insulator-metal configuration.  Though the electrode 
separation in the in-plane direction is measured in millimetres, effects occurring in 
insulating thin films were considered.  In this section, the analysis of the electronic 
transport across the SWCNT LbL films was carried out according to: hopping, 
tunnelling, Richardson-Schottky, Poole-Frenkel and space charge limited conductions.  
 
The I-V and I-T characteristics of SWCNT LbL films revealed different behaviours 
the in-plane and out-of-plane configurations.  This suggests that the dominant 
transport mechanisms are different for these configurations.  Though the 
configurations are studied separately, the same method of plotting the I-V and I-T 
data according to the analytical expressions is used in both configurations.  For this, 
the I-V and I-T characteristics were plotted following the analytical expressions of 
each conduction model.  To simplify the viewing, the analytic equations are 
manipulated in order to have a proportional relationship between the current and the 
voltage for the I-V plot and between the current and the temperature for the I-T plots. 
 
2.6.2  Conduction model: in-plane configuration 
The I-V characteristics at room temperature of 5, 10 and 20 bi- layers SWCNT LbL 
films are presented in Figure 2-17 with logarithmic scales.  
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Figure 2-17 Log-log scale plots of in-plane I-V characteristics of SWCNT LbL films built-up 
with: (a) 5 bi-layers, (b) 10 bi-layers and (c) 20 bi-layers  
 
Figure 2-17 shows I-T characteristics of a typical 20 bi- layers of SWCNT LbL film 
at 1, 5, 10 and 20 V for 1 and 4 mm electrode separation with logarithmic scales. 
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Figure 2-18 Plotting using log-log scale of the I-T characteristics at 1, 5, 10 and 20 V for 
electrode separations of 1 and 4 mm 
 
The electrical characteristics in both Figures 2-17 and 2-18 are parallel.  This means 
that the I-V and I-T plots have similar trends whatever the electrode separations.  
Thus, in the following study, only the I-V characteristics of the 20 bi- layers SWCNT 
LbL film at 4 and 14 mm will be used.  Regarding the I-T characteristics of the 20 bi-
layers SWCNT film, only the characteristics at 1 V and 20 V are considered for both 
1 and 4 mm electrode separation.   
 
It is important to note that the current and current density are related by SIJ =  
where S is the section traversed by the current flow and the electric field and the 
voltage are linked by dVE =  where d is the electrode separation. Here both S and d 
are constants. Consequently, there is a proportional behaviour between I and J and 
between E and V that does not affect the electrical field and temperature dependence 
of the current density.  For simplicity I and V are considered rather than J and E.  
 
2.6.2.1  Fowler-Nordheim conduction model 
Two tunnelling phenomena are taken into account here; the direct tunnelling and the 
Fowler-Nordheim tunnelling.  Tunnelling transport corresponds to the ability of an 
electron to move across potential barriers having higher energies.  In the direct 
tunnelling conduction, the carrier passes a rectangular energy barrier without 
interaction.  For high electric fields, a similar phenomenon takes place leading to the 
Fowler-Nordheim conduction.  But in this case, the energy barrier is triangular due to 
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the high electric field.  The current density expression in the Fowler-Nordheim 
model is given by equation 2-2166.  
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Where q, m , E, h, h , F  are the electronic charge, the free-electron mass, the electric 
field, the Planck constant, the planck constant divided by 2p  and the barrier height, 
respectively.  Applying the logarithm function to equation 2-2 leads to equation 2-3:  
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Figure 2-19 displays the data of the I-V characteristics for 1 and 4 mm electrode 
separations according to equation 2-4. 
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Figure 2-19 ( ) EversusEJ FN 1ln 2  plots of the I-V characteristics according to the 
Fowler-Nordheim model for 1 and 4 mm as electrode separations 
 
Figure 2-19 shows that the ( ) EversusEJ FN 1ln 2
 
plots of the data points of the I-V 
characteristics display a non linear behaviour with a limited range of voltages 
showing a possible linear behaviour at high voltages.  This means that ( )2ln EJ FN  is 
not proportional to E1 and consequently, the Fowler-Nordheim conduction is 
unlikely to dominate the transport across the SWCNT LbL film.   
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According to equation 2-2, ( ) ddI µ´ 2ln  should give a proportional relation between 
the electrode separation and the current, if the Fowler-Nordheim conduction dominates 
the transport mechanism.  ( ) dversusdI 2ln ´  data points were plotted in Figure 2-20.  
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Figure 2-20 ( ) dversusdI 2ln ´  plots at 10 and 100 V of a 5 bi-layer TS-SWCNT LbL film 
 
Figure 2-20 displays linear fits for the ( ) dversusdI 2ln ´  plots at 10 and 100 V.  
No acceptable linear fit could be plotted for the voltage dependence of the current.   
 
The analytic expression of the Fowler-Nordheim current density does not contain a 
temperature expression.  An impact of the temperature through the constants of equation 
2-2 would lead to a small temperature dependence of the current density yet Figures 2-
14 and 2-15 showed a clear temperature dependence of the I-T characteristics.   
 
Although the possibility of tunnelling phenomena across the SWCNT LbL films 
cannot be dismissed, Figures 2-19 and 2-20 showed that a conduction mechanism 
based on the Fowler-Nordheim effect does not dominate the electronic transport 
across the films despite acceptable fits for the current electrode separation plots.   
 
2.6.2.2  Hopping conduction model 
Hopping transport takes place in the energy gap of an insulator or semiconductor in 
the presence of localized states.  This conduction corresponds to the hopping of 
charge carriers between these states.  When the carriers ‘hop’ from one localised 
state to its spatially nearest state, the conduction is called the nearest-neighbour 
hopping167.  In variable range hopping (VRH), the charge carriers hop between 
localized states of favourable energy which are not necessarily the spatially closest 
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ones.  The VRH conduction is commonly reported as the mechanism occurring in 
SWCNT networks (see section 1.6 Chapter 1).  For a uniform density of states, the 
equation of the conductance in the VRH model is given by equation 2-5119,168: 
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where p=1+d, with d the dimension, G0 and T0 are characteristics of the sample 
independent of the temperature, and dNTk B )0(3
2
0 l=  with l the localization length, 
N(0) the density of states at the Fermi level and d the sample thickness.  Applying 
the logarithm function to equation 2-5 gives equation 2-6: 
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Then, ( ) pTversusG
1
ln
-
 of the data points from the I-T characteristics were plotted 
in Figure 2-21. 
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Figure 2-21 ( ) pTversusG
1
ln
-
 plots of the I-T characteristics at 1 and 20 V and 1 and 4 
mm electrode separation for (a) p=1 and p=2 and (b) p=3 and p=4  
 
None of the I-T characteristics shown in Figure 2-21 according to the VRH 
conduction model displayed a linear behaviour.  This implies that the VRH 
mechanism does not dominate the conduction over the full temperature range.  
 
2.6.2.3  Richardson-Schottky conduction model 
The cathode becomes positively charged when an electron is extracted from it.  
This charge image contributes to the potential barrier between the metal and the 
insulator as it creates an attractive force on the electron.  An electric field will 
interact with the image potential which will lower the potential barrier of Df.  Then, 
electrons injected into the insulator conduction band will have to overcome a 
potential barrier of f0 - Df (Figure 2-23).  
 
Figure 2-22 Schematic of Schottky effect at neutral contact with EF, the Fermi energy level; E0, 
the vacuum energy level; and Df, the barrier height attenuation adapted from Simmons169 
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Equation 2-7 gives the current density expression in the Richardson-Schottky case169 
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Applying the logarithm to equation 2-7 leads to equations 2-8 and 2-9 for the 
dependence of the current in voltage and temperature, respectively.  
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The data points of the I-V and I-T characteristics were plotted according to the 
Richardson-Schottky model in Figures 2-23 and 2-24, respectively. 
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Figure 2-23 ( ) 21ln VversusJ RS  plots of the voltage dependence of the current according 
to the Richardson-Schottky model for electrode separations of 1 and 4 mm 
 
Figure 2-23 shows acceptable linear fittings of the ( ) 21ln VversusJ RS  plots from 
60.5 (7.78 V1/2) to 200 V and from 70 (8.37 V1/2) to 200 V obtained for 4 and 14 mm 
electrode separation, respectively.  Thus, the I-V characteristics are in agreement 
with the Schottky-Richardson model at high voltages.  According to the Schottky-
Richardson theory, the ( ) TversusTJ RS 1ln 2  of the data points from the I-T 
characteristics were plotted in Figure 2-24. 
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Figure 2-24 ( ) TversusTJ RS 1ln 2  plots of the I-T characteristics according to the 
Richardson-Schottky model at 1 and 20 V for electrode separations of 1 and 4 mm 
 
Figure 2-24 shows that the ( ) TversusTJ RS 1ln 2  plots from the I-T characteristics 
display a non linear behaviour from 100 to 350 K.  According to equation 2-7, 
( ) 21ln -µ dI  gives a proportional relationship between the electrode separation and 
the current.  ( ) 21ln -dversusI  plots were plotted in Figure 2-25.   
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Figure 2-25 ( ) 21ln -dversusI  plots at 10 and 100 V of a 5 bi-layers TS-SWCNT LbL film 
 
Figure 2-25 shows good linear fits of the ( ) 21ln -dversusI  plots with 1.5% error.  
The linear behaviour observed at high voltage in Figure 2-23 is in accordance with 
the Richardson-Schottky model.  But, none of the ( ) TversusTJ RS 1ln 2  plots 
(Figure 2-24) displayed any linearity.  Thus, the Schottky-Richardson effect was 
discounted as the dominant transport mechanism. 
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2.6.2.4  Space charge limited conduction model 
Space charge limited conduction (SCLC) occurs when the carrier injection is faster 
than their transport across the film.  At low voltages intrinsic carriers circulate across 
the material following an ohmic conduction.  As the voltage increases, the number of 
carriers injected from the electrode increases and dominates the conduction.  There is 
the creation of a space-charge leading to quadratic I-V characteristics.  In presence of 
potential wells (traps) in the forbidden band, a proportion of the injected carriers fill 
the traps.  This limits the space-charge effect as the carriers are captured.  The slope 
of ln (I) versus ln (V) is 2 when one carrier contributes to the conduction and 3 when 
there are two carriers.  Once all the traps are filled, the slope of ln (I) versus ln (V) is 
higher than 3, and the conduction operates in a trap-free regime.  The analytic 
expression of the SCLC is given by equation 2-10. 
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where 1=n  in the linear regime and 2³n  in the quadratic regime, d is the 
electrode separation, effm  is the effective mobility and 0e  and re  are the free space 
permittivity and the dielectric constants respectively.  The expression of q  is 
dependent on the nature of the traps.  In presence of shallow traps: 
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The expression of the current in the quadratic regime in presence of deep traps 
becomes:  
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Applying the logarithm to equation 2-10 
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SWCNT layer-by- layer films  
51 
According to equation 2-14, the slope of )ln()ln( VversusJ SCL will be n which is 
superior or equal at 2 in the quadratic regime. 
 
Temperature dependence 
 w  Shallow traps 
Using the full expression of q , equation 2-10 can be written in the case of shallow 
traps as:  
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 w  Deep traps 
Following similar calculations, the temperature dependence of the current in the 
presence of deep traps is: 
( )
T
J SCL
1
ln µ         (2-18) 
Figure 2-23 shows the ( ) ( )VversusJ SCL lnln  plots of the data points from the I-V 
characteristics for 1 and 4 mm electrode separations. 
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Figure 2-26 ( ) ( )VversusJ SCL lnln  plots of the data points from the I-V characteristics for 
1 and 4 mm as electrode separations 
 
Figure 2-26 shows that y=1.11x-14.49 and y=1.15x-16.7 are the equations of the 
linear fits for the ( ) ( )VversusI lnln  plots for 4 and 14 mm electrode separations, 
respectively.  In the quadratic regime both slopes are less than 2.  According to the 
theory, higher slope values are expected in the case of a dominant SCLC mechanism.  
Figure 2-27 displays the I-T characteristics according to the SCLC model for 
shallow (a) and deep (b) traps. 
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from the I-T characteristics at 1 and 20 V for electrode separations of 1 and 4 mm 
 
Figure 2-27 displays TversusTI 1ln 2
3
÷
ø
öç
è
æ  and ( ) TversusI 1ln  plots of the data 
points from the I-T characteristics according to the SCLC for shallow and deep traps, 
respectively.  Decent linear fits are observed within the deep traps model for 1 mm 
electrode separation at both 1 and 20 V.  Apart from them, none of these plots exhibit 
a linear behaviour.  The electrode separation dependence of the current 3-µ dI  is 
directly given by equation 2-10.  Thus, 3-dversusI  at 10 and 100 V characteristics 
were plotted in Figure 2-28. 
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Figure 2-28 I versus d-3 plots at 10 and 100 V of a 5-bi-layers TS-SWCNT LbL film 
 
Figure 2-28 shows that good linear fit are obtained for 3-dversusI  plots with a 10% 
margin of error.  However, Figures 2-26 and 2-27 clearly showed that the SCLC is 
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not the dominant conduction in the SWCNT LbL films as the voltage and the 
temperature dependence of the current do not follow the SCLC model.  
 
2.6.2.5  Poole-Frenkel conduction model 
Impurities present in insulating materials introduce potential wells (traps) in the 
forbidden band of the structure of their host material.  Traps are known to have 
coulombic-type barriers169.  Similarly to the Schottky effect, the coulombic potential 
barriers of the traps attenuate when they are subjected to an electric field.  This 
process takes place in the bulk of the material where the impurities are located and is 
called the Poole-Frenkel effect.  Then, the lowering of the potential barriers 
decreases the amount of energy necessary to ionise the impurities.  Consequently, the 
probability that the electrons from the traps pass into the conduction band of the 
insulator by thermionic emission, augments170.  This process is analogous to the 
Richardson-Schottky conduction but refers to a bulk phenomenon.  The Poole-
Frenkel effect is illustrated in Figure 2-29.   
 
Figure 2-29 Mechanism of Poole-Frenkel effect adapted from Simmons171. The dashed line 
represents the Coulombic barrier without a field. The solid  line shows the effect of an 
electric field on the barrier. The slope of the dash-dot line is proportional to the applied 
field. [Df is the barrier attenuation] 
 
The potential energy of an electron in the trap is re epe0
2 4- , where e , 0e  and re  
are the electron charge, the permittivity of the free space and the dielectric constant 
of the insulator, respectively.  Thus, the potential of an electron from the trap 
subjected to an electric field F is: 
( ) eFx
x
e
xE
r
-
-
=
1
4 0
2
epe
       (2-19) 
The expression of the current density in presence of the Poole-Frenkel effect is found169. 
The potential of the electron in the trap will be maximal for x=xmax, when 0=dxdE . 
Eg
Df
Bottom of the 
conduction band
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Applying the derivative to E(x) leads to:  
eF
x
e
dx
dE
r
-= 2
0
2 1
4 epe
        (2-20) 
And from 0
1
4 20
2
=-= eF
x
e
dx
dE
repe
, xmax is found to be:  
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Emax (=E(xmax)) is found by substituting x by the expression of xmax in E(x):  
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Where:  
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is the Poole-Frenkel coefficient  
As described in Figure 2-29 the potential energy barrier Eg is lowered of Emax via the 
Poole-Frenkel effect with maxEEg -=Df .  Therefore, the expression of the current 
density in the Poole-Frenkel conduction is obtained by substituting gE  by fD-gE  
in the expression of J172: 
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     (2-25) 
Ionised traps can possess singly ( 1=h ) or doubly ( 2=h ) charged levels173.  This 
characteristic was integrated in the Poole-Frenkel theory via its coefficient174.  Thus, 
PFb  can be re-written: 
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Voltage dependence 
The voltage dependence of the current was found applying the logarithm function to 
equation 2-27: 
kT
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( )dNemln  and kTEg 2  are constant for an electric field variable, therefore: 
2/1ln V
V
J PF µ÷
ø
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æ
        (2-28) 
 
Temperature dependence 
The same method was used to find its temperature dependence and equation 2-28 gives: 
kT
E
V
J PFgPF
2
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b+
µ÷
ø
ö
ç
è
æ
        (2-29) 
Where both gE and PFb  are temperature independent and k is the Boltzmann 
constant.  Note: GVI = , where G is the conductance.   
 
Electrode separation dependence 
Equation 2-26 also allows writing the current dependence as a function of the 
electrode separation.  This leads to the same expression between I and d that for the 
Richardson-Schottky model:  
2
1
)ln(
-µ dI         (2-30) 
As shown in Figure 2-25 the 2
1
)ln(
-
dversusI  plots displayed to good linear fits.  
Thus, the conductance was plotted according to the equations 2-28 and 2-29 for its 
voltage and temperature dependence, respectively.  Figures 2-30 (a) and (b) display 
the ( ) 2/1ln VversusG  plots of 20 bi- layers SWCNT LbL films at 4 and 14 mm 
electrode separation, respectively. 
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Figure 2-30 ( ) 2/1VversusGLn  for a 20 bi-layers SWCNT LbL film (a) electrode 
separation of 4 mm (b) electrode separation of 14 mm  
 
Good linear fits of ( ) 2/1ln VversusG  plots were obtained for 4 mm electrode 
separations over the whole range of voltages (Figure 2-30 (a)).  In comparison, the 
fittings for the 14 mm electrode separations over the same range of voltages (Figure 
2-30 (b)) required inflection points.  Apart from one inflection point, linear fits were 
also obtained.  Thus, Figures 2-30 (a) and  (b) show good linear fits of the I-V 
characteristics according to the Poole-Frenkel model.  These results contrast with the 
conduction models previously considered, where no reasonable fits could be obtained.  
( ) kTversusG 1ln  (equation 2-29) were plotted in Figure 2-31 at 1, 5, 10 and 20 V. 
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Figure 2-31 ( ) kTversusG 1ln  of I-T plots of 20 bi-layers SWCNT LbL films for electrode 
separations of (a) 1 mm and (b) 4 mm 
 
Though the I-T plots trends shown in Figures 2-14 and 2-15 appear different, their 
( ) kTversusG 1ln  plots give similar behaviours.  Figure 2-31 (a) shows that for the 1 
mm electrode separation the data points are completely overlaid, as expected.  Despite 
the absence of superposition of the measurements for 4 mm of electrode separation, the 
( ) kTversusG 1ln  plots appear parallel.  The deviations in Figure 2-31 (b), 
particularly for the 1 V measurement at low temperature, are attributed to the presence 
of noise in the current signal.  Indeed, tens of nanoamps are reached for 20 V at 350 K 
and the currents for 1 and 5 V are in the order of the nanoamp at 350 K.  The currents 
fall to 2.3´10-10 and 3.9´10-10 A at 150 K.  The deviation at low temperatures of ln (G) 
at 1 V, seen in Figure 2-31 (b) is explained by the instability of the current measured at 
such low level of magnitude, given that at 250 K (abscise 46.42 in Figure 2-31 (b)) the 
current intensity was already less than 5´10-10 A for 1 V.  Despite the different profiles 
found for the I-T characteristics, both plots of Figures 2-31 (a) and (b) show good 
linear fits.  A transition in the linear slope occurs between 290 and 300 K.  According 
to equation 2-29, this indicates that the I-T plots are governed by the Poole-Frenkel 
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conduction below and above this temperature transition.  Activation energies extracted 
from Figures 2-37 and 2-38 are shown in Table 2-3. 
Separation (mm) 
Activation energies (meV) 
T³300 K T£290 K 
1 45.11 23.25 
4 142.3 55.8 
Table 2-3 Activation energies extracted from ( ) 1ln G versus kT  plots 
 
I-T studies of similar SWCNT LbL films were carried out for a temperature range 
from 77 K to room temperature.  For 10 V bias, temperature transitions at about 155 
K were reported.  Activation energies below and above this temperature were found 
to be 11.2 and 19.9 meV, respectively175.  In this work, within the temperature range 
150-350 K, another transition is located between 290 and 300 K.  The activation 
energy found for T £ 290 K with electrode separations of 1 mm is close to the figures 
reported, while the activation energy for 4 mm is of the same order as the ones 
reported for similar temperature range175.  The activation energy for electronic 
conduction corresponds to the energy required for a charge carrier from a trap to 
reach the conduction band173.  Thus, it is reduced due to the Poole-Frenkel effect176, 
which lowers the potential barriers.  In this work, the presence of a transition 
temperature and two activation energies are explained by trap levels inherent to the 
Poole-Frenkel model173 rather than by different conduction models governing the 
transport in these regions177.  Indeed, two activation energies can be attributed to the 
presence of at least two trap levels above and below the transition temperature174.  
This is consistent with the presence of anionic and cationic surfactants, which 
contribute in the SWCNT LbL films.  
 
The analysis of the in-plane conduction in SWCNT LbL films indicates that the 
Poole-Frenkel effect governs the  conduction mechanisms.  This contrasts with the 
models (VRH and tunnelling) usually reported for SWCNT films (see Section 1.4).  
By definition, the Poole-Frenkel effect requires the de-trapping of the charges 
following the lowering of the potential barriers by the electric field.  The transport of 
carrier charges occurs from traps to traps.  In SWCNT LbL films, this process is 
understood as ions from the insulator (here ionic surfactant) trap the charge carriers 
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from the SWCNTs.  Thus, the Poole-Frenkel effect occurs as the applied electric 
field lowers the potential barriers created by the presence of the surfactants. 
 
2.6.3  Conduction model: out-of-plane configuration 
The electrical characteristics for the out-of-plane configuration (Figure 2-10) were 
studied similarly to the in-plane measurements.  However, none of the conduction 
models already considered fitted the I-T characteristics of Figure 2-16.  Given the 
nanometric electrode separation in the out-of-plane configuration, direct tunnelling 
phenomenon was also taken into account.  Equation 2-31 expresses the current voltage 
relationship in tunnel junctions at low electric field is expressed178: 
( )3VVJ gb +=        (2-31) 
 
This gives VJ µ  for low voltages and is in agreement with the linear I-V 
characteristics displayed in Figure 2-13.  According to Hurd179, when a tunnelling 
mechanism dominates the conduction, there is a proportional relationship between 
the logarithm of the current and the temperature, rather than with the inverse of the 
temperature.  The absence of expression for the temperature dependence of the 
current in the direct tunnelling model led to plot ( ) TversusIln  of the I-T 
characteristics in Figure 2-32.    
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Figure 2-32 ln (I) versus T plots of the out-of-plane I-T characteristics at 0.5 and 1 V 
 
Figure 2-32 displays good linear fits of the ln (I) versus T plots.  Therefore the I-T 
characteristics are in agreement with this model.  The baxy +=  fittings of Figure 
2-32 lead to an experimental relationship between the current and the temperature 
which can be written as equation 2-32: 
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( )TII aexp0=      (2-32) 
with I0=9.3 and 4.76 A at 0.5  and 1 V, respectively, and a=1.87´10-3.   
Thus, Figure 2-32 shows that the conduction in the out-of-plane configuration is 
governed by tunnelling mechanisms over the whole range of temperatures 
investigated.  Tunnelling mechanisms were already found to be dominant in the out-
of-plane configuration of such films155.  However, the results presented here differ 
from previous reports since the dominant mechanism is direct tunnelling.  The AFM 
analysis indicated the possibility of having local areas, with thickness of 5 nm or less 
(see section 2.4.3).  Thus, the presence of such thickness explains getting direct 
tunnelling180.  The voltage range of analysis can also explained the difference, here 
the bias was limited to 5 V, while 10 V were used in previous reports155.    
 
2.7  Application: Memory device  
In this section, the Poole-Frenkel effect, which governs the conduction, is exploited 
to provide an example of application for the SWCNT LbL films.  Figure 2-29 shows 
that the Poole-Frenkel effect allows the ionisation of the traps via the lowering of its 
energy barrier.  This de-trapping mechanism is often reported as dominant in 
memory devices181.  Memory devices rely on their charges storage ability, which 
consists in their charging and discharging.  Thus, the Poole-Frenkel effect is 
comparable to the discharging mechanism occurring in these memory devices.  The 
integration of metallic or semiconducting nanoparticles into an insulator’s capacitor 
was shown to provoke memory effects182.  Such effects are explained by the 
nanoparticles, which act as discrete charge trapping centres.  This characteristic was 
exploited to create SWCNT LbL film-based memory devices.  SWCNT based 
memory devices are reported183-184.  Here, the characteristics of SWCNT LbL film 
based metal insulator semiconductor (MIS) memory devices are described.   
In the LbL films, the formation of SWCNT networks allows releasing these charges, 
which provokes the electric conduction across the LbL films.  SWCNT LbL films 
without long range SWCNT networks are expected to behave similarly to 
nanoparticles- loaded insulators.  Therefore, the SWCNT were shortened to limit their 
conduction but enhance their charge storage capability.  Thus, the SWCNTs were cut 
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by heating in a 1:1 mixture of H2SO4/HNO3185.  DTAB solution and dispersions of 
cut-SWCNTs in SDS solution were prepared following the methods described in 
section 2.3.2.  For their integration in a memory device, cut-SWCNT LbL films were 
built-up following the process detailed in section 2.3.3.  The fabrication of SWCNT-
based MIS devices, with the architecture (Al electrode/PMMAx layer/cut-SWCNT 
LbL film/SiO2/p-doped Si/Al electrode) described in Figure 2-33, were reported186.   
 
Figure 2-33 Schematic of (a) 10 bi-layers cut-SWCNT LbL film and (b) cut-SWCNT MIS device 
 
Capacitance-voltage (C-V) investigation carried out on LbL film MIS devices are 
displayed in Figure 2-34 (a).  Figure 2-34 (b) displays C-V measurements carried 
out on a gold nanoparticles-based MIS device for comparison.  
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Figure 2-34 (a) Normalised C-V characteristics of cut-SWCNT LbL film, LbL film and 
PMMA MIS devices at 400 kHz (b) Comparison of C-V characteristics of typical cut SWCNT 
LbL film and gold MIS devices 
 
Figure 2-34 (a) shows the influence of the cut-SWCNTs on the C-V characteristics of 
a MIS device.  The forward and reverse C-V measurements of the conventional and 
LbL film MIS devices are almost overlaid.  However, the C-V characteristics of cut-
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SWCNT MIS device display a hysteresis with a window of 1.6 V.  The charging effect 
shown by the hysteresis is indicative of the charge storage capability of the device in 
presence of the cut-SWCNTs.  In Figure 2-34 (b), the hysteresis window is smaller for 
cut-SWCNT LbL based MIS devices than for Au nanoparticles-based MIS devices.  
However, cut-SWCNT LbL based MIS devices display a much higher capacitance.   
 
2.8  Discussion/Conclusion 
A combined analysis conducted on the in-plane I-V, I-T and I-d characteristics 
establishes the dominant conduction model in the SWCNT LbL films.  The current 
evolution according to these three parameters (V, T and d) leads to the Poole-Frenkel 
conduction as the dominant transport mechanism.  However, the nature of the film 
does not discount the occurring of other mechanisms, which would not control the 
conduction.  This finding completes the knowledge of the conduction across 
SWCNT LbL films given that their in-plane conduction mechanism was not 
identified155.  Poole-Frenkel conduction, which involves the ionization of traps in an 
insulator, is not a conduction model generally displayed by SWCNT materials (see 
section 1.6).  According to this transport mechanism, charge carriers (electrons and 
holes) are successively trapped by potential wells, then released into the conduction 
band.  In SWCNT LbL films, it can be visualised as the carriers from the nanotubes 
are trapped by the ionic surfactants.  Under the influence of the electric field, these 
carriers are release before being trapped again by another ion and so forth.  This 
process is repeated from one electrode to the other. 
Charging effect and self-heating were found to occur during the measurements (see 
Appendix A).  These phenomena explain small discrepancies and alterations in the 
linearity of I-V characteristics.  For instance, I-V plots in Figures 2-12 and 2-13 (section 
2.5.2) exhibit little charging of the SWCNT LbL films.  This charging is explained by 
the presence of the surfactants, which are insulating as shown in Figure 2-11.   
In the out-of-plane configuration, the I-V and I-T characteristics of SWCNT LbL 
films indicate that tunnelling mechanisms govern the conduction.  Direct tunnelling 
conduction was considered dominant because of the linear I-V plots.  This hypothesis 
is supported by the linear I-V characteristics obtained for the C60-mixed SWCNT 
LbL films and the reference LbL film (see Appendix A section A.1.2).  These films 
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also display currents in the same order of magnitude as the SWCNT LbL films.  
Their I-T characteristics are similar and lead to analogous linear ( ) TILn µ  plots, 
also in agreement with Hurd theory179.  This contrasts with results on similar films 
where quantum tunnelling was shown to be dominant155.  Here, the direct tunnelling 
model is explained by the thickness of the SWCNT LbL films used.  
Current breakdowns in the out-of-plane configuration are reported in Appendix A.2, 
and the resilience of LbL films to a current breakdown was shown to be improved by 
the presence of SWCNTs.  The conduction mechanism after current breakdown of the 
SWCNT LbL films at 50  K, appears to follow another mechanism which is yet to be 
identified.  LbL film without SWCNTs displayed similar current breakdown.  The 
analysis of breakdowns in SWCNT networks, shows that the Joule heating segments 
the SWCNTs via a stepwise process187-188.  Here, the current breakdown does not 
follow a stepwise process.  This suggests that for SWCNT LbL films, the current 
breakdown is likely to be from the insulating materials (surfactants, polyelectrolytes) 
rather than from the SWCNTs.   
The study of SWCNT LbL film properties is completed by the identification of their 
equivalent circuit, which is consistent with Nyquist plot results reported189.  The effects 
of the integration of cut-SWCNT LbL films in MIS devices are also described.  This 
provides an example of application for SWCNT LbL films in memory devices186. 
 
2.9  Summary 
This chapter reports on the fabrication and characterisation of SWCNT LbL films.  A 
combined analysis of their I-V, I-T and I-d characteristics was required to identify 
the Poole-Frenkel conduction as the dominant transport mechanism for the in-plane 
configuration.  The conduction in the out-of-plane configuration was found to be 
governed by direct tunnelling, which is explained by the thickness and non 
uniformity of the SWCNT LbL films.  The charge storage capability of cut-SWCNT 
LbL films was also demonstrated via their integration into memory devices.  This 
work completes the understanding of transport mechanisms across SWCNT LbL 
films by finding the mechanisms governing the in-plane conduction.  Furthermore, 
account of current breakdown phenomena and the equivalent circuit of the SWCNT 
LbL films are provided in Appendix A.   
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Chapter 3  
SWCNT precursor networks 
 
 
3.1  Introduction 
Molecular Electronics is often viewed as the ultimate stage of miniaturization for the 
electronics industry, due to its capacity to create devices made of single molecules or 
groups of molecules190.  Thus, a growing number of research activities focus on 
analysing the electrical properties of organic molecules resulting in ingenious 
methods designed for their characterisation191-192.  Studies of molecules positioned 
between two SWCNT electrodes reported in available  literature generally deal with 
the electrical response of the molecules193.  
The nano-manipulation challenge is particularly critical in molecular electronics.  
Working with nanotube networks rather than individual SWCNTs allows therefore, a 
new strategy in the field of molecular junctions.  However, SWCNT networks 
displayed poor performances compared to individual SWCNTs (see Chapter 1).  These 
poor performances have generated interest in developing other types of connections 
through the network to improve its performances.  Two approaches are followed in this 
domain.  In the first strategy, carbon nanotubes are connected to each other by their 
cross-linking due to their irradiation by electrons194 or ions195 beams.  CNTs networks 
containing junctions induced by ion irradiations display different conduction type 
depending on the thickness of the network196.  The second approach consists of 
forming molecular bridges between nanotubes and has been adopted since 2003.  
Electrical measurements on such networks of interconnected SWCNTs via molecular 
linkers, showed a decrease of conductivity after formation of the linkers197.  
 
Within this second strategy, molecular junctions are intrinsically integrated in the 
architecture of the networks which results in the fabrication of a new material.  The 
work presented here was undertaken following this approach.  SWCNTs were 
connected via the construction of conjugated bridges or the coordination of metals.  
The objective sought in this part of the project is to facilitate the electrical 
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conduction across the network of SWCNTs by providing electric pathways made of 
conductive molecules.  A theoretical study on the contact transparency of nanotube-
molecule-nanotube junctions was recently published198.  This study as well as 
previous reports on the quality of covalent contacts between molecules and 
nanotubes only considers contacts located at the edges of SWCNTs in a 
configuration of open end.  Although molecular bridges are created through different 
processes, the initial functionalisation of the SWCNTs and the fabrication of the 
networks remain the same.  Therefore, these two aspects are presented in the 
following chapter, while the formation of the molecular bridges, the analysis, and the 
study of the resulting networks are dealt with in the subsequent chapters. 
The state-of-the-art for the fabrication of carbon nanotubes thin films (or networks) 
includes advanced technologies such as inkjet printing199, electrophoretic 
deposition200, as well as more basic ones like direct growth201 and drop drying202.  
Results of the comparison on the electrical resistance and optical transmittance 
between different techniques are available elsewhere203.  The deposition technique, 
based on nanotube filtration, established by Wu and co-workers204 did not display the 
best performances in this study.  However, in this work it was preferred to the other 
techniques for its simplicity.  This method is based on the fabrication of buckypaper 
and its novelty comes from the fact that the filter membrane is only used as a 
template.  The SWCNT film is detached from it, leaving a free standing SWCNT 
film.  Simple to implement, the filtration method gives an easy way to control the 
thickness of the thin film and though porous, the film has a good homogeneity204.  
Only limited by the filtration apparatus, the SWCNT films can cover large areas and 
is not too time consuming.  
 
Such SWCNT films display lower electrical conductivity than indium tin oxide 
(ITOxi).  As seen in Chapter I, there is no standard for the conductivity of such 
SWCNT networks instead, their electrical conductivities depend on several 
parameters such as the length of the nanotubes205.  Chemical functionalisation of the 
SWCNTs is also known to affect their electronic structure76.  Consequently, the 
electrical properties of SWCNT networks are expected to be altered by different 
functionalisations.  These properties include the electronic transport of SWCNT 
                                                 
xi ITO: commercial standard for transparent electrodes with a conductivity of about 104 S/cm 
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networks, whose understanding is required to optimise the performance of SWCNT 
network devices.  
This chapter introduces the diazonium radical additions used to functionalise the 
SWCNTs alongside their characterisation.  It also reports the first record, to our 
knowledge, of Sonogashira cross-coupling on SWCNTs.  The SWCNT networks 
were fabricated by the filtration method.  The dominant conduction mechanism 
across these functionalised SWCNT networks are identified from the combined study 
of their electrical characteristics.  
 
3.2  Deposition process 
3.2.1  Principle  
SWCNT films from filtration are networks of randomly oriented nanotubes deposited 
onto a filter membrane.  As for nanotube bundles, the adhesion between the 
nanotubes is governed by van der Waals forces206.  The thickness of the films is 
controlled by the amount (concentration and volume) of nanotubes deposited and the 
roughness by the quality of the dispersion.  The uniformity of the network’s 
thickness and the fact tha t the nanotubes are laid straight on the membrane are 
amongst the three postulates for this process204. 
 
3.2.1  Network fabrication 
Prior to the deposition process, the SWCNT must be dispersed by ultrasonic bath 
and/or probe in a solvent (surfactant solution or organic solvent).  The quality of this 
dispersion strongly impacts on the quality of the SWCNT networks.  Thus the 
dispersion is left to settle to reduce the presence of micron size particles.  The 
deposition process involves 3 steps: filtration, washing and drying.  The SWCNT 
suspension is filtered through a porous membrane.  The SWCNTs are deposited on 
this membrane to form a porous film.  This network is then dried at 120°C in a 
vacuum oven to remove the solvent.  Figure 3-1 describes the deposition technique 
and shows a picture of a SWCNT film made by filtration.  
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Figure 3-1 (a) Filtration apparatus and process of a SWCNT solution (b) SWCNT-network 
(bucky paper) on top of a filter membrane 
 
Following this straightforward deposition process, the CNT films can be transferred 
onto another substrate (e.g. silicon or glass) for subsequent processing when the 
application requires it (e.g. field effect transistor or study of the transparency).  This 
step is particularly delicate and may explain why variations are available for this phase.  
Indeed, already in 2004, Wu and co-workers presented two transfer methods, though 
both of them involved the dissolution of the filter membrane.  Dry transfer methods 
were also developed to remediate the difficulties inherent to the membrane dissolution.  
For instance in 2006, Rowell and co-workers transferred nanotube networks made by 
filtration using a poly(dimethylsiloxane) (PDMS) stamp to make nanotube electrodes.  
This transfer technique consisted of lifting off the network from the filter membrane 
with a PDMS stamp and depositing it onto an appropriate substrate8.  
 
3.3  Network structure  
Entangled nanotubes and bundles disposed in a 2-dimension plan form a long range 
network because they are connected to each other.  Figure 3-2 helps to visualize the 
organisation of the SWCNTs in such a network. 
 
SWCNT solution 
(a) (b) 
Pumping 
Filtered film 
 
SWCNT precursor networks 
69 
 (a) 
 (b) 
Figure 3-2 (a) Schematic representation of a SWCNT network made by filtration (b) 
SEM picture of a Sonogashira-SWCNT network from the filtration of 20 ml of 
dispersion at 1:10 mg/ml 
 
In such a network, the nanotubes separation is given by the van der Waals radius of 
carbon which is about 0.17 nm207, this leads to a distance between two SWCNTs in 
the contact area of 0.34 nm.  Thus, the transport between two metal-metal (MM) or 
semiconducting-semiconducting (SS) nanotubes involves tunnelling through this 
distance.  In turn, for metal-semiconductor (MS) junctions in addition to this 
tunnelling barrier, the presence of a Schottky barrier decreases the transmission 
probability.  High conductance levels were found for MM and SS junctions 
compared to MS junctions as shown elsewhere208.   
 
The conduction through such SWCNT networks was shown to be dominated by the 
junction resistance between bundles209.  It is therefore likely for the conduction of 
thin networks (metallic threshold not reached) to be dominated by tunnelling 
phenomena.  Surfactants and polymer wrapped SWCNTs in aqueous solution offer a 
good and stable dispersion and are compatible with a wide range of membranes.  On 
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the other hand, their complete elimination from the network is not assured and their 
presence can have an impact on the electrical behaviour of these networks.  Here, 
neither surfactant nor membrane dissolution were used when determining the 
electrical characteristics of the SWCNT networks produced.  As a result, contrary to 
LbL film, the van der Waals diameter between carbon atoms will be considered as 
the distance between SWCNTs forming a junction.  
The filtration deposition technique is versatile and can be applied to any type of 
SWCNT dispersion as long as the solvent is compatible with the filter membrane.  It 
was therefore used for all type of networkxii.  Few solvents lead to a good dispersion 
of nanotubes.  N-methylpyrrolidone (NMP) and N,N-dimethylformamide (DMF) are 
amongst the best solvents for this purpose210.  In this work, DMF was used because it 
was easily available and nylon membranes were used as substrates because of its 
compatibility with DMF.  The first stage of the process described in this chapter, 
consists in the functionalisation of the SWCNTs.  This first reaction is a radical 
addition of delocalised groups onto the SWCNTs surface using diazonium salts211.  
The impact of the radical additions on the SWCNTs is presented here.  It is followed 
by the electrical characterisation of the functionalised SWCNT networks.  
 
3.4  Pristine nanotube 
Covalent functionalisations are known to introduce defects in the nanotubes’ structure 
which degrade their electrical properties (see section 1.3.4).  The SWCNTs were 
annealed at 900°C under dynamic vacuum prior to radical additions.  This was done to 
remove most of the carboxylic groups introduced during their purification212,213.  
Unfortunately the low level of vacuum used allowed the formation of some carboxylic  
groups during this process.  Thus, though efforts were made to remove the carboxylic 
groups from the nanotubes’ surface, some still remained.   
 
                                                 
xii The carbon nanotubes used in our networks were covalently functionalised prior to the filtration. 
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3.4.1  Spectroscopy 
3.4.1.1  Raman 
The ratio ID/IG between the areas of the sp3 carbon band ID and the sp2 band IG 
expresses here the level of perfection of the nanotube structure.  Note that ID and IG 
are indicative of the disorder in the structure and the crystalline structure, 
respectively.  The presence of defects (or functional groups) on the nanotubes affects 
this ratio by increasing the intensity of the disorder band.  Thus, the higher a defect’s 
concentration is, the higher ID.  Figure 3-3 displays the Raman spectra of purified 
SWCNTs and purified then annealed SWCNTs.  
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Figure 3-3 Normalised Raman spectra of purified SWCNTs (PurSWCNTs) and 
heated SWCNTs (HPurSWCNTs) (the spectra include the baseline correction)   
 
The ID/IG ratio decreases from 5.8% before to 5% after annealing of the sample.  
Thus, no notable improvement in the structure was observed from the Raman spectra 
as a result of the annealing step.  
 
3.4.1.2  UV-visible-near IR 
The presence of carboxylic acid groups on nanotubes’ surfaces helps their solubility.  
So, removing these groups with the annealing process leads to a drop in their 
solubility.  Saturated dispersions of purified SWCNTs and purified then annealed 
SWCNTs, in DMF were analysed by UV-visible-nIR spectroscopy between 300 and 
1800 nm.  The presence of SWCNTs increases the light absorption of the dispersions.  
Consequently, a clear drop in the absorption levels after the annealing step will 
support the assumption of the removal of carboxylic groups. 
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Figure 3-4 Normalised absorption spectra of saturated solutions of purified and 
purified then annealed SWCNTs in DMF at a nominal concentration of 1:10 mg/ml 
 
Figure 3-4 displays typical SWCNT spectra where the confinement of electronic 
states in 1-dimension leads to van Hove singularities (VHS)149.  The VHS shown on 
these spectra attest to (i) the one dimensional character of the nanotubes and (ii) the 
presence of both metallic and semiconducting nanotubes.  Indeed, the bands centred 
at ca. 1400 nm and 800 nm are attributed to the first and second singularities in 
semiconducting nanotubes, respectively.  In contrast, the bands centred at ca. 500 nm 
(much less distinct) are attributed to the first transition in metallic tubes214.  The 
empirical Beer-Lambert law (equation 3-1) expresses the relationship between the 
absorbance and the concentration of substances as: 
ClA ll e=    (3-1) 
Where lA , le  = 25.5 (mg/L)
-1 cm-1 at 500 nm153, l  and C  are the absorbance at the 
wavelength l , the molar absorptivity, the path length and the concentration of the 
substance, respectively.  Thus, at 500 nm, 24=PurCNTC  mg/L and 7=HPurCNTC  mg/L.  
This indicates a strong reduction of the nanotubes’ concentration after annealing.  
Though the annealing has not completely eliminated the carboxylic groups of the 
nanotubes’ surface, an improvement in their structure is anticipated as the 
concentration of SWCNT in solution drops when the nanotubes become less soluble 
due to the removal of the groups.  This result was expected as the carboxylic groups 
help the nanotubes solubility212. 
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The Raman spectra showed a little improvement (0.8%) of the SWCNT’s structure, 
which is not significant.  However, the UV-visible-near IR spectra indicated that the 
annealing step reduces the concentration of nanotubes in solution drastically, clear 
evidence for the removal of functional groups.  This reduction of solubility was 
expected as annealing the SWCNT under vacuum is known to remove the functional 
groups (in this instance, carboxylic acid groups) from the nanotubes’ surfaces212,213.   
 
3.4.2 X-ray photoelectron spectroscopy analysis of SWCNTs 
X-ray photoelectron spectroscopy (XPS) analyses were carried out on the purified 
and annealed SWCNTs.  The C1s spectrum of these SWCNTs will be compared to 
these of pyridine-SWCNTs and iodobenzene-SWCNTs to report any changes in the 
functionalisation.   
The relative concentrations of C and O were found to be 97.8 at% and 2.2 at% 
respectively.  The presence of O in the sample is expected because of the atmosphere 
contamination (no ion etching was performed).  The carboxylic acid from the 
purification step, which not totally removed after annealing, also contributed to this 
value (see section 3.4).  Figure 3-5 shows the C1s peak in XPS spectra of HiPCO 
SWCNTs before and after air oxidation and HCl baths reported elsewhere215.   
 
Figure 3-5 C1s XPS spectra of HCNT (HiPCO SWCNT), Ox-HCNT (HiPCO SWCNT after 
thermal oxidation) and HA-Ox-CNT (HiPCO SWCNT after thermal oxidation followed by 
washing in HCl) 215  
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Table 3-1 gives the binding energies of their different contributions215.  
 C1s 
peak 
Contributions  
 C-OH C-O-C C=O COOH Not defined 
HCNT 284.6 - - - - - 
Ox-HCNT 284.6 286.1 286.1 287.6 288.6 - 
HA-Ox-HCNT 284.6 - - - - 287-290 
Table 3-1 Binding energies of the contributions in Figure 3-5215  
 
Figure 3-6 shows the C1s XPS spectrum obtained in this study for purified then annealed 
SWCNT.  It is comparable to the results reported above215 given the similarities of the 
purification techniques employed (thermal oxidation then HCl treatment).   
 
Figure 3-6 C1s XPS spectrum of purified then annealed SWCNTs 
 
Figure 3-6 shows that the C1s peak of purified then annealed SWCNTs displays a 
similar profile to that of the HCNT C1s peak in Figure 3-5.  Four contributions were 
required to produce a good fit.  The main fitting parameters of the contributions 
obtained from the decomposition of the C1s peak are given in Table 3-2.   
component  C1s in SWCNTS C3  
C-OH or C-O-C 
C4  
O-C=O 
Area 54.4 75.8 33.4 15.9 
FWHM 0.6 1.1 2.5 4 
Position (eV) 284.6 284.6 285.7 289.7 
% concentration 30.3 42.2 18.6 8.8 
Table 3-2 Main fitting parameters for the contributions in the C1s in pristine SWCNTs 
(purified then annealed) 
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Two contributions (C1 and C2) were needed to fit the main area.  It is suspected that 
C1 and C2 represent the same carbon environment as the difference in their binding 
energies is smaller than the spectrometer resolution (0.2 eV).  According to Table 3-2, 
C3 and C4 are attributed to the C-OH (or C-O-C) and COOH environments, 
respectively.  The annealing step that the SWCNT underwent, explains why the 
shoulder of the C1s spectrum is less pronounced than in Figure 3-5.  The absence of 
a peak between 287 and 290 eV is explained by the washing of the SWCNT after 
HCl treatment.  This indicates that most of the HCl was eliminated after washing.  
The tail at high binding energies, which contributes to increase the area of the C4 
contribution, is the result of the p  system in SWCNTs69.  The C1s XPS spectrum 
displayed in Figure 3-6 will later be used as reference. 
 
3.4.3  Thermogravimetric analysis 
Thermogravimetric analysis allows estimating the quality of the structure via its 
thermal stability.  The analyses were carried out on SWCNT before and after 
annealing.  Figure 3-7 displays the TGA in air and in helium for purified SWCNTs 
(CNTPur) and purified then annealed SWCNTs (HCNTPur).   
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Figure 3-7 TGA from temperature to 900°C of purified SWCNTs and purified then annealed 
SWCNTs (a) in air and (b) in He 
 
Figure 3-7 (a) shows the degradation via thermal oxidation in air of the samples.  
SWCNTs thermal degradation starts from ~385°C and from ~500°C for CNTPur and 
HCNTPur SWCNTs, respectively.  This shows an improvement in their thermal 
stability after annealing.  The slight drop before SWCNT degradation is attributed to 
carboxylic acid groups in the samples69.  For thermal degradations in He, Figure 3-7 
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(b) shows residual weights of 90.8% and 79.8% for HCNTPur and CNTPur, 
respectively.  The increase of ~10%wt of the residual mass after annealing indicates 
that the annealing step reduced the amount of groups grafted on the SWCNTs.  These 
results are expected as an annealing step under vacuum is known to improve the 
purity of SWCNTs212.  The ignition temperature of HCNTPur SWCNTs is ~500°C, 
but the true ignition temperature was reported at around 600°C212.  This reveals the 
presence of carboxylic groups still grafted on the SWCNTs after annealing.   
 
The TGA analyses confirm the data obtained by Raman and UV-visible-near IR 
spectroscopies showing an improvement in the SWCNTs’ purity after annealing.  
Indeed, the TGA analysis shows a ~10%wt gain in the mass of the sample.  This 
confirms the overall improvement of the structure as a lesser amount of functional 
groups is extracted.  The annealing step led to an insignificant difference on the 
Raman spectra.  However, both UV-visible-near IR spectra and TGA analysis show 
an improvement in the nanotubes’ structure after annealing.   
 
3.5  SWCNT precursors  
This section deals with the functionalisation and characterisation of SWCNT which 
will be used as precursors in the fabrication of bridges. 
3.5.1  Radical addition via diazonium salts  
In this work, SWCNTs were covalently functionalised by iodobenzene and pyridine 
groups via radical additions.  Radical additions on SWCNTs by diazonium salts are 
well reported.  At first the aryl diazonium derivation of SWCNT sidewalls was 
performed via electrochemical reduction in 200171 then by a thermal method in 
which the diazonium salts were created in situ211.  The formation of ionic bonds due 
to Coulombic attraction between diazonium salts (positive) and carboxylic acid 
groups (negative) was also identified216.  However, ensuring the presence of 
covalently bonded moieties can be done with an electrochemical method217.  
Reaction mechanisms for such additions have been discussed elsewhere218-221.  The 
structure of the SWCNT was shown to influence the reactivity of the radical 
additions219-220.  Preferential attacks of diazonium ions were both found on 
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semiconducting219 and metallic75 nanotubes.  With sufficient radical additions the 
metallic nanotubes become non metallic, which impacts on the accepted ratio between 
metallic and semiconducting nanotubes75.  In this work, maximum levels of 
functionalisation were sought so the reactions were performed with a vast excess of 
diazonium reactants.  It is therefore presumed that most of the metallic nanotubes 
became non-metallic, regardless of whether they reacted before or after the 
semiconducting nanotubes.  SWCNTs were shown to be functionalised with several 
aryls groups (e.g. Br-, Cl-, F-, CH3-, SO3-, COOH-, NO2-, CO2CH3-benzenes, etc.) via 
radical additions71,211,222-223.  However, while radical additions of iodobenzene 
diazoniums were previously reported224, no functionalisation with pyridine groups, to 
our knowledge, have been reported.  Here, radical additions were carried out on 4-
iodoaniline and 4-aminopyridine.  The corresponding diazonium salts were generated 
by an in-situ diazotization.  
 
Radical additions on SWCNTs where the diazonium salts are prepared in-situ were 
reported211.  Aniline compounds undergone an in-situ diazotization by the action of 
an alkyl nitrite on the NH2 group prior to the radical addition.  Diazotization 
mechanisms are detailed elsewhere225.  Here, isopentyl nitrite is used as a catalyst for 
the in-situ diazotization.  Figure 3-8 shows the corresponding scheme. 
I NH2
O
N
O
H2OI N N +
 
Figure 3-8 Scheme of the diazotization of an iodoaniline group 
 
The same mechanisms are involved in the in-situ diazotization whether the reactants 
used are 4- iodoaniline (as shown in the scheme) or 4-aminopyridine.  This reaction is 
carried out in organic solvents; dimethylformamide (DMF) for the aminopyridine or 
dichlorobenzene otherwise.  The scheme of the radical addition of 4- iodobenzene 
and pyridine diazonium salts on SWCNTs is shown in Figure 3-9. 
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IINN N2
 (a) 
NNNN N2
 (b) 
Figure 3-9 Scheme I: radical addition on SWCNTs with (a) 4-iodobenzene diazonium and 
(b) 4-aminopyridine 
 
According to the radical additions described in Figures 3-9 (a) and (b), the 
functionalisations lead to:  
4-iodobenzene-SWCNTs I
 
4-pyridine-SWCNTs N
 
 
3.5.2 Sonogashira cross-coupling on iodobenzene-SWCNTs 
Sonogashira coupling is a method widely used in the formation of conjugated 
materials226.  Here, the necessity of bonding the nanotubes with groups where the 
electrons are delocalised, led to the choice of the Sonogashira coupling as a way to 
create the carbon-carbon bonds.  Therefore, this requirement was achieved by the 
integration of alkyne groups within the molecular bridges.  Thus, the Sonogashira 
coupling provided an intermediate material and this additional functionalisation step 
on the SWCNT allowed the creation of two different covalent molecular bridges 
from the same starting materials (IPhCNT).  Indeed, both the homo-coupling and the 
cross-coupling used the SWCNT having undergone the Sonogashira coupling.  
Additional reactions can provide complexity, diversity and also change the nature of 
the molecular bridge however, the versatility of the Sonogashira was not explored 
here as the length of the bridges could negatively impact on the conduction across it.  
Thus, short molecular bridges were preferred in this work.  
Through the Sonogashira coupling, carbon-carbon bonds are formed between sp and 
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sp2 carbon where usually, the sp2 carbon is part of a phenyl ring.  This coupling 
occurs in the presence of transition metal catalysts (in this instance, Pd(P(Ph)3Cl)2 
and CuI) used to activate the aryl and the acetylene.  Figure 3-10 displays the 
scheme of the Sonogashira cross-coupling performed here. 
CuI
Pd(P(Ph)3Cl)2
I Si
Si
base
SiSi
 
Figure 3-10 Scheme II: Sonogashira coupling performed on iodobenzene-SWCNTs 
 
Figure 3-10 shows the scheme of the Sonogashira coupling where iodobenzene-
SWCNTs are coupled to trimethylsilyl acetylene (TMSA).  1-(trimethylsilyl)-2-
phenylacetylene is the functional group obtained on the SWCNTs as the result of the 
Sonogashira coupling.  The homo-coupling of the acetylene group obtained as a by-
product is eliminated during the washing step following the reaction.  1-(trimethylsilyl)-
2-phenylacetylene-SWCNTs will be referred to as Sonogashira-SWCNTs in the 
following sections. 
 
The SWCNT precursors were characterised by Raman and UV-visible-near IR 
spectroscopies, thermogravimetry coupled with mass spectrometry and elemental 
analyses.  This set of characterisations allows the verification of the presence of the 
iodobenzene, pyridine and 1-(trimethylsilyl)-2-phenylacetylene groups covalently 
bonded on the SWCNT surfaces.  The Sonogashira coupling was carried out on the 
aryl groups previously grafted on the surface of the nanotubes.  Vibrational 
spectroscopy used to confirm a reaction on the SWCNTs through a change in their 
electronic structure, are not relevant in this case.  The Sonogashira coupling is 
carried out on functional groups and therefore does not affect the electronic structure 
of the SWCNT.  The characterisation methods used here to ascertain the occurring of 
the Sonogashira coupling are therefore based on the presence of the silicon element 
added in as part of the trimethylsalyl reactant.    
 
SWCNT precursor networks 
80 
3.5.3  Spectroscopy 
Covalent functional groups on SWCNT surfaces induce degradations of their 
crystalline and electronic structures56.  Raman and UV-visible-near IR spectroscopies 
report such changes which indicate that the functionalisation occurred. 
 
3.5.3.1  Raman  
The Raman spectra of the iodobenzene-SWCNTs and pyridine-SWCNTs (Figure 3-
11) were recorded using a 632.8 nm laser excitation.  These spectra were compared 
to the Raman spectrum of purified then annealed SWCNT (Figure 3-3).   
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Figure 3-11 Raman spectrum of pyridine-SWCNTs (PyrCNT) and iodobenzene-
SWCNTs (IPhCNT), normalised at 1581.31 cm-1. The spectra are averages of spectra 
taken at 3 different places of the samples and include the baseline correction.  
 
Figure 3-11 shows a modification of the spectrum profile after reaction as the G 
bands of both spectra become asymmetric.   The peak identifying the contribution 
from the metallic SWCNT to the tangential bands attenuated compared to the Raman 
spectra in Figure 3-3.  This reduction is explained by the metallic nanotubes which 
lose their metallic nature during reaction75.  In addition, the GD II  ratio increases 
from 5% (Figure 3-3) to 5.6% and 9.1% for iodobenzene-SWCNTs and pyridine-
SWCNTs, respectively.  The small increase in the GD II  ratios for both reactions 
used to be considered as a sign of a low functionalisation level214.  However, Raman 
spectra evolution of diazonium functionalised SWCNTs showed that after a 
maximum, the D band intensity decreases when more functional groups are added75.  
Raman spectra of the iodobenzene and pyridine-SWCNTs confirmed that the 
reaction occurred.  Unfortunately, the functionalisation level could not be estimated 
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from these data.  The Raman spectrum of Sonogashira-SWCNTs was not recorded as 
the coupling was carried out on the iodobenzene functional groups.   
 
3.5.2.2  UV-visible -near IR  
The absorption spectra of oversaturated dispersion of functionalised SWCNTs in 
DMF (1:10 mg/ml) were recorded by UV-visible-near IR spectroscopy from 300 to 
1800 nm.  These spectra are presented in Figure 3-12.  
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Figure 3-12 Absorption spectra of saturated dispersions of pyridine-SWCNTs 
(PyrCNT), iodobenzene-SWCNTs (IPhCNT) and Sonogashira-SWCNTs 
(Sonogashira) in DMF normalised at 300 nm.  
 
Figure 3-12 shows the absorption spectra of pyridine-SWCNT, iodobenzene-
SWCNT and Sonogashira-SWCNT dispersions where there is a total absence of 
VHS.  Diazonium reactions are known to lead to the disappearance of the VHS for 
high functionalisation levels227.  Indeed, covalent bonding introduces defects in the 
nanotubes’ structure as the functional groups disrupt the conjugated structure.  
Consequently, the electrons of the p  system are more localised.  This causes the VHS 
to diminish72.  Thus, high degrees of covalent functionalisation lead to the 
disappearance of those VHS.  The absence of VHS signifies that the electronic 
structure of the nanotubes was disturbed after reaction72.  Thus, the absorption 
spectra confirmed the presence of covalent groups on pyridine-SWCNTs and 
iodobenzene-SWCNTs.   
 
The empirical Beer-Lambert law given by equation 3-1 was used to calculate the 
concentration of iodobenzene-SWCNTs and pyridine-SWCNTs in the saturated 
dispersions.  The molar adsorptivities for the pyridine and iodobenzene 
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functionalised SWCNTs were assumed to be the same: 25.5 (mg/L)-1 cm-1 at 500 
nm153.  The concentrations of oversaturated dispersions are displayed in Table 3-3. 
 
Sample Pyridine-
SWCNT 
Iodobenzene-
SWCNT 
Sonogashira-
SWCNT 
Concentration (mg/L) 6 6.2 4.7 
Table 3-3 Concentrations of oversaturated dispersions of SWCNT precursors at 500 nm 
 
The absorption spectra confirmed the presence of covalent bondings after radical 
additions on the SWCNTs.  The absence of VHS in absorption spectra indicates high 
degrees of covalent functionalisation.  In diazonium reactions, the Raman’s D band 
is known to decrease after reaching a maximum75.  Then, the absorption spectra 
suggest that the number of groups added is higher than the number corresponding to 
the maximum D band value.   
 
Pyridine-SWCNT and iodobenzene-SWCNT precursors showed similar solubility.  
This was expected as the radical additions were performed in similar conditions.  The 
Sonogashira coupling was performed on iodobenzene-SWCNTs whose electronic 
structure was already modified after the diazonium reaction.  In this case, it is the 
diminution of the solubility of the material after Sonogashira coupling which 
indicated a change in the material.   
 
The spectroscopy analyses attest of the covalent bonding of the SWCNTs without 
identifying the grafted groups or estimating the functionalisation degree.  Each 
functional group contains elements (N, I or Si) which can be detected by elemental 
analysis (XPS) to ensure that the correct groups are grafted on the SWCNTs.   
 
3.5.4  Elemental analysis of SWCNT precursors 
 
3.5.4.1  CHN analysis of pyridine -SWCNTs 
Carbon hydrogen nitrogen (CHN) analyses were carried out on pyridine-SWCNTs to 
provide quantitative data of their nitrogen concentration.  The N amount in the bulk of 
the material was quantified to about 2.0 at%.  0.3 at% of N was obtained for the purified 
SWCNT precursor networks 
83 
then annealed SWCNTs.  Thus, 1.7 at% of pyridine groups was estimated to be present 
in pyridine-SWCNTs.  This small functionalisation level contradicts the results of the 
UV-visible-near IR spectroscopy while corroborating those of Raman spectroscopy.   
 
3.5.4.2  X-ray photoelectron spectroscopy 
XPS analyses were carried out on the SWCNT precursors to bring further 
confirmation of the presence of functional groups.  These analyses allow us to 
ascertain and quantify the presence and relative concentration of elements.  The 
samples were dispersed in isopropanol and drop dried onto an iron substrate.  The 
analysis was performed under vacuum (10-8 mbar).  Prior to the XPS analysis, the 
samples were etched by an Ar+ ion bombardment for about 30 seconds at 3 kV to 
remove sample surface contamination.  The binding energies and concentrations 
obtained from the XPS spectra of the precursors will be used as reference in the 
following Chapters 4 and 5.   
 
Figure 3-13 displays the XPS spectra of C, N, I and Si in pyridine-SWCNTs, 
iodobenzene-SWCNTs and Sonogashira-SWCNTs (when available). 
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Figure 3-13 C1s, N1s, I3d and Si2p XPS spectra in pyridine-SWCNTs, iodobenzene-
SWCNTs and Sonogashira-SWCNTs 
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Figure 3-13 shows that the C1s spectrum is wider in the pyridine-SWCNTs 
compared to the iodobenzene-SWCNTs.  The Sonogashira coupling appears to 
broaden the C1s spectrum.  The presence of a band at 406 eV in the N1s spectrum of 
iodobenzene-SWCNTs is attributed to N-O bonds228 from the isopentyl nitrite 
catalyst.  The N1s spectrum of the pyridine-SWCNTs is further analysed below.  
After Sonogashira coupling, the I3d spectrum is composed of two components.  This 
indicates the presence of iodine under two forms.  The Si2p spectrum displays two 
‘shoulders’ in the high energy range.   
The concentrations and the binding energies of the elements in pyridine-SWCNTs, 
iodobenzene-SWCNTsxiii and Sonogashira-SWCNTs are given in Table 3-4.  
Elements 
pyridine-SWCNTs iodobenzene-SWCNTs Sonogashira-SWCNTs 
BE 
(eV) 
Conc 
( at%) 
BE 
(eV) 
Conc 
( at%) 
BE 
(eV) 
Conc 
( at%) 
C1s 284.7 94.7 284.6 89.9 284.6 82.1 
O1s 532.3 3.4 533.4 6.1 532.6 9 
N1s 399.2 1.9 399.9 1.5xiv 399.7 1.2 
I3d5/2 - - 620.2 2.5 619.4 1.2 
Si2p - - - - 101.6 2.8 
Cl2p - - - - 200.7 1.3 
Cu2p1/2 - - - - 952.1 0.8 
Pd3d5/2 - - - - 335.9 1.7 
Table 3-4 Binding energies and concentrations of the elements in  pyridine-SWCNTs, 
iodobenzene-SWCNTs and Sonogashira-SWCNTs 
 
Table 3-4 shows a slightly smaller concentration is obtained from the XPS analysis 
compared to the CHN analysis on pyridine-SWCNTs.  The difference is explained by 
the Ar+ etching step which removed nitrogen contamination adsorbed on the 
nanotubes.  It is expected that the CHN analyses results take into account nitrogen 
contaminant.  In iodobenzene-SWCNTs, the iodine concentration is considered as 
completely from the iodobenzene group.  Iodobenzene-SWCNTs were not etched 
prior to analysis.  Higher concentrations of O and N were expected due to 
contamination from the atmosphere adsorbed on the nanotubes.  According to 
scheme II (Figure 3-10), the iodine should have been eliminated after coupling.  The 
                                                 
xiii This sample had not undergone an Ar ion etching.   
xiv This sample had not undergone an Ar ion etching.   
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presence of I and Si in the Sonogashira-SWCNTs suggests that the coupling occurred 
but was not completed.   
 
The XPS spectra of C, N and I and Si are further analysed to identify their chemical 
environments in pyridine-SWCNTs and iodobenzene-SWCNTs and Sonogashira-
SWCNTs, respectively.  The details of this study are now discussed and will later be 
used as a reference for the analysis in Chapters 4 and 5.  CasaXPS was used to fit 
these XPS spectra.  Figure 3-14 displays the C1s XPS spectrum of pyridine-
SWCNTs and iodobenzene-SWCNTs. 
 (a) 
 (b) 
Figure 3-14 XPS spectrum of C1s located at 284.6 eV in (a) pyridine-SWCNT with its 
contributions from C1 for C=C, C2 for C-C, C3 for C=O or C-OH and C4 for O-C=O 
positioned at 284.59, 284.92, 285.68 and 288.2 eV, respectively (b) iodobenzene-SWCNTs 
positioned at 284,6 eV with its 4 contributions C1, C2, C3 and C4 positioned at 284.6, 284.8, 
285.6 and 289.6 eV, respectively 
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Similarly to the study of the purified and annealed SWCNTs in section 3.4.1.3, good 
fits were reached when the C1s spectra in Figure 3-14 were decomposed with 4 
contributions C1, C2, C3 and C4.  The fitting parameters of the bands contributing to 
the C1s peak are given in Table 3-5. 
Sample Component Area BE (eV) Conc ( at%) 
FWHM 
(eV) Groups
215 
Py
rid
in
e-
SW
C
N
T
s C1 49.2 284.6 26.9 0.7 SWCNT 
C2 82.8 284.9 45.2 1.4 
C3 28.7 285.7 15.7 2.5 C=O or C-OH 
C4 22.5 288.2 12.3 5.8 O-C=O 
Io
do
be
nz
en
e-
SW
C
N
T
s C1 43.2 284.6 34.4 0.6 SWCNT 
C2 45.5 284.8 36.2 1.1 
C3 28.2 285.7 22.5 2.2 C=O or C-OH 
C4 8.7 289.6 6.9 4.5 O-C=O 
Table 3-5 Main fitting parameters for the contributions in the C1s in pyridine-SWCNTs and 
iodobenzene-SWCNTs 
 
Figure 3-14 and Table 3-5 were compared with Figure 3-6 and Table 3-3, respectively.  
This shows that the profile of the C1s XPS spectrum did not change after 
functionalisation except for the C4 contribution whose binding energy shifted from 
289.7 to 288.2 eV in pyridine-SWCNTs.  The possibility for diazonium based radical 
additions to occur on carboxylic acid groups on SWCNT surface was reported221.  This 
reaction pathway further reduces the amount of COOH groups.  Thus, shifting of the C4 
component is likely to be the result from the diminution of COOH groups.  The tail at 
high binding energy of the C1s spectra is also indicative of the p system in SWCNTs69.  
 
The N1s XPS spectrum was analysed for the pyridine-SWCNTs as N in both 
iodobenzene-SWCNTs and Sonogashira-SWCNTs are not related to the functional 
groups.  Figure 3-15 shows the N1s XPS spectrum in the pyridine-SWCNTs.  
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Figure 3-15 XPS spectrum of the N1s peak located at 399 eV in pyridine-SWCNT with its 4 
contributions positioned at 399, 400, 400.8 and 403.88 eV for N1, N2, N3 and N4, respectively. 
 
Figure 3-15 shows that a good fit of the N1s XPS peak (at 399 eV) was obtained 
when decomposed with 4 contributions.  The N1s XPS spectrum was not recorded 
for purified then annealed SWCNTs.  So the impact of the radical addition on the 
N1s peak is not known.  However, the fitting of the N1s peak leads to distinct 
realistic components according to the TGA-MS analysis (see section 3.5.3).  The 
main fitting parameters of the contributions obtained from the decomposition of the 
N1s peak are given in Table 3-6. 
Component Area BE 
(eV) 
FWHM 
(eV) 
Conc. 
( at%) 
Chemical environment  
N1 2.0 399 1.1 43.5 Pyridine229 
N3 0.8 400.8 2.2 17.4 Pyridinium229 
N2 1.4 400.0 1.5 30.4 Nitrosopyridine  230 
N4 0.4 403.9 2.5 8.7 Adsorbed N2 231 
Table 3-6 Main fitting parameters for the contributions in N1s in pyridine-SWCNTs 
 
Table 3-4 showed that the concentration of N was 1.9 at%.  According to Table 3-6, 
the relative concentration of N from pyridine groups is 0.8%.  XPS analysis of 
pyridine-SWCNTs indicates that the functionalisation created additional groups 
(pyridinium and nitrosopyridine) on the SWCNTs which affected the yield of the 
reaction.  The study of the N1s spectrum supports the results obtained with the Raman 
spectroscopy showing a very small functionalisation level of pyridine-SWCNTs.  
Figure 3-16 shows the I3d5/2 spectra of iodobenzene-SWCNTs and Sonogashira-
SWCNTs.  
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 (a) 
 (b) 
Figure 3-16 XPS spectra of I3d5/2 with 2 contributions I1 and I2 for (a) iodobenzene-
SWCNTs and (b) Sonogashira-SWCNTs  
 
Figure 3-16 (a) shows that good fits of the I3d5/2 spectra of iodobenzene-SWCNTs 
and Sonogashira-SWCNTs were obtained using 2 contributions I1 and I2.  Although 
two components were required in both cases, Figure 3-16 (b) shows that the I3d5/2 
spectrum in Sonogashira-SWCNTs differs by showing two peaks where only one 
peak is observed in iodobenzene-SWCNTs (Figure 3-16 (a)).  The main parameters 
of the contributions are given in Table 3-7.   
Contributions Area BE 
(eV) 
FWHM 
(eV) 
Conc. 
( at%) 
Groups 
Iodobenzene-
SWCNTs 
I1 46.6 620.2 1.1 67.6 
I-C232 
I2 22.4 620.4 2.7 32.4 
Sonogashira-
SWCNTs 
I1 18.4 619.3 1.2 54.3 I- 233 
I2 15.5 620.7 1.4 45.7 I-C 232 
Table 3-7 Main parameters for the contributions in I3d5/2 of iodobenzene-SWCNTs and 
Sonogashira-SWCNTs 
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In Figure 3-16 (a), the difference in the binding energies of I1 and I2 corresponds to the 
spectrometer resolution.  As for the C1 and C2 contributions of the C1s spectrum, so it is 
the same iodine environment which is probed.  The need of another contribution appears 
as the result of the broadening of I3d5/2 base probably due to the background noise.   
In Figure 3-16 (b), the analysis revealed another iodine compound.  This second 
contribution (I1) was attributed to iodide from [Et2NH2]+ I-233.  I2 was attributed to 
the contribution of the iodine from the non reacted iodobenzene group according to 
Figure 3-16 (a) 232.  The iodine salt results from the reaction of I from iodobenzene 
groups and the base solvent during the Sonogashira coupling.  The I- salt formed with 
the base solvent supports the occurring of the Sonogashira coupling according to the 
catalytic cycle of this reaction226.  From Tables 3-4 and 3-7, 0.6 at% of I from 
iodobenzene moieties was found in Sonogashira-SWCNTs. 
 
Figure 3-17 displays the Si2p XPS spectrum of Sonogashira-SWCNTs.  The ratio 
2/32
2/12
pSi
pSi
Area
Area
 for each contribution was restricted to 0.5 for both contributions 
according to Si2p fitting method234.   
 
Figure 3-17 XPS spectrum of Si2p with its four components Si1, Si2, Si3 and Si4 
 
Figure 3-17 shows a good fit of the Si2p spectrum using 4 components.  The Si2p 
spectrum is composed of two contributions: Si1 whose Si2p3/2 peak is located at 
101.4 eV and Si2 whose Si2p3/2 peak is located at 104.7 eV.  Using their binding 
energies, the Si1 component is identified as the silicon from 1-(trimethylsilyl)-2-
phenylacetylene235.  The Si2 component corresponds to Si-O bonds235 identified as Si 
from Si grease contamination used to seal glass vessels used during the reaction.  The 
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presence of Si contaminant explains why in Table 3-4 the relative concentration of Si 
is higher than the relative concentration of I.  The main parameters of the 
contributions obtained from the decomposition of Si2p are given in Table 3-8. 
Contributions  Area 
BE 
(eV) 
FWHM 
(eV) 
Conc 
(at%) Bonds 
Si1 (Si1 3/2) 1.4 101.4 1.8 32.2 
Si-C 235 
Si2 (Si1 1/2) 0.7 103.1 2.6 32 
Si3 (Si2 3/2) 0.8 104.7 2.7 18.7 
SiO2 235 Si4 (Si2 1/2) 0.4 107.6 2.9 17.2 
Table 3-8 Main parameters for the two contributions in Si2p of Sonogashira-SWCNTs 
 
Based on the XPS analysis (Table 3-4 and 3-8), the concentration of silicon from 1-
(trimethylsilyl)-2-phenylacetylene was estimated to be 1.8at%.  XPS analyses report 
the change in the I3d spectrum profile and the presence of Si from 1-(trimethylsilyl)-
2-phenylacetylene.  Both absorption spectra and XPS analysis display changes in the 
SWCNTs after Sonogashira coupling.  The decrease in I concentration suggests that 
the coupling was incomplete (Table 3-4).  The presence of I- salts indicates that the 
Sonogashira coupling occurred.   
 
The XPS analyses indicate low functionalisation levels for all SWCNTs precursors.  
This confirms the results of Raman spectroscopy and TGA-MS analyses.  The small 
differences observed between C1s spectra before (section 3.4.1.3) and after (section 
3.5.4.1) functionalisation show that the C1s spectrum was not affected by the radical 
additions.  This reflects the small amount of groups grafted on the nanotubes.  The 
N1s, I3d and Si2p spectra will be used as reference for the XPS analysis after further 
reactions in Chapters 4 and 5.   
 
3.5.5  Thermogravimetric analysis 
TGA-MS analyses rely on the detection of the mass and/or a meaningful fraction of 
the mass of the functional groups.  As the functionalized SWCNTs are heated in a 
helium atmosphere, molecular bonds break to release molecules or fragments of 
molecules.  Their masses are detected by a mass spectrometer concurrently.  The 
TGA-MS graphs of the iodobenzene-SWCNTs, pyridine-SWCNTs and Sonogashira-
SWCNTs are displayed in Figure 3-18.  The masses indicating that the reactions 
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occurred would be the total or a meaningful fraction of masses containing the 
benzene ring and the trimethylsalyl acetylene.   
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Figure 3-18 TGA-MS spectra for (a) pyridine-SWCNTs via a radical addition using HCl and 
NaNO2 with masses of 79, 80 and 109 (b) iodobenzene-SWCNTs with masses of 203 and 204 
(c) Sonogashira-SWCNTs with masses of 159 and 204  
 
Figure 3-18 shows that the mass of pyridine, iodobenzene and 1-(dimethylsilyl)-2-
phenylacetylene attached were detected during the analysis.  The mass of 1-
(dimethylsilyl)-2-phenylacetylene results from the coupling of a benzene ring with a 
trimethylsalyl acetylene.  The TGA-MS analyses carried out on pyridine-SWCNTs also 
revealed the presence of pyridinium and nitrosopyridine groups grafted on the SWCNTs.  
The presence of such groups is inherent to the diazotization procedure used here (see 
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Chapter 6).  At 600°C, the remaining weights were 95%, 64% and 65% for pyridine-
SWCNTs, iodobenzene-SWCNTs and Sonogashira-SWCNTs, respectively.  The 
functional groups in pyridine-SWCNTs have a smaller molecular weight than the 
iodobenzene group so it is expected that the weight loss will be smaller in pyridine-
SWCNTs.  This is particularly true as the XPS analysis showed that the functionalisation 
level was higher for iodobenzene-SWCNTs (2.5at% of I) than for pyridine-SWCNTs 
(1.9at% of N).  The higher weight percentage left for Sonogashira-SWCNTs compared 
to iodobenzene-SWCNTs was also expected.  Indeed, the total weight of functional 
groups decreased as the iodobenzene groups are transformed into much the lighter 1-
(dimethylsilyl)-2-phenylacetylene groups during the Sonogashira coupling.   
 
Table 3-9 shows that the functional groups released by the SWCNT precursors are 
released in a temperature range of 208-331°C.   
Precursor Masses
xv 
(g/mol) 
Molecular groups 
Weight loss at 
600°C 
(%wt) 
Released 
temperature 
(°C) 
Pyridine-
SWCNT 
79 N
 
- 318 
80 N H
 
- 318 
109 N NO
 
- 208 
Iodobenzene-
SWCNTs 
Sonogashira-
SWCNT 
204 I
 
30 
7 
277 
Sonogashira-
SWCNT 159  
21 331 
Table 3-9 Molecular groups detected during the heating of SWCNT precursors 
 
The TGA-MS analyses confirmed the presence of pyridine, iodobenzene and 1-
(trimethylsilyl)-2-phenylacetylene grafted on the SWCNTs.  Using the 
concentrations from the XPS analyses, the TGA-MS also provides an estimation of 
the degree of functionalisation for the SWCNT precursors (Table 3-9).  For instance, 
                                                 
xv Those masses are 1 g/mol higher for all the molecules compared to the usual molecular masses.  It 
is suspected that during the course of the TGA-MS analysis  on pyridine-SWCNTs and iodobenzene-
SWCNTs, a hydrogen atom is added on the groups. 
Si
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proportions of I (0.6 at%) and Si (1.8 at%) determined from the XPS analysis were 
used here to estimate the weight percent corresponding to the functional groups in 
Sonogashira-SWCNTs.  The weight loss in pyridine-SWCNTs (4.7 %wt in Figure 3-
18 (a)) was not considered as it is abnormally lower than the weight loss in purified 
then annealed SWCNTs (6.4 %wt in Figure 3-7 (b)).  This anomaly can be explained 
by the non homogeneity of the extracts of SWCNTs used in the analysis.   
 
An atomic percentage of 2.5 at% of iodobenzene groups grafted on iodobenzene-
SWCNTs was calculated from the TGA-MS data.  This agrees with the 2.5 at% 
relative atomic concentration of iodine obtained from the XPS analysis.  In 
Sonogashira-SWCNTs, atomic percentages of 2.1 at% and 0.4 at% were found for 1-
(trimethylsilyl)-2-phenylacetylene and iodobenzene moieties, respectively.  These 
results differ from the relative atomic concentrations obtained from the XPS analyses: 
0.3 at% and 0.1 at% for 1-(trimethylsilyl)-2-phenylacetylene and iodobenzene moieties, 
respectively.  Considering that the [Et2NH2]+ I- adsorbed on the Sonogashira-SWCNTs 
also contributed to the weight loss, these results are pretty close to the atomic 
concentrations of I (0.6 at% of I from iodobenzene) and Si (1.8 at% of Si from 1-
(trimethylsilyl)-2-phenylacetylene) found from the XPS analysis. 
 
Both XPS and absorption analysis reported changes after Sonogashira cross-coupling 
on the iodobenzene-SWCNTs.  The XPS analysis also confirmed the presence of 
silicon from TMSA in the sample and the occurring of the coupling via the presence 
of I- salt.  More conclusive, the TGA-MS analysis showed that the 1-(trimethylsilyl)-
2-phenylacetylene groups were grafted on the SWCNTs.  This set of data indicates 
that the Sonogashira coupling was successful.  The XPS measurements carried out on 
purified then annealed SWCNTs revealed 2.2 at% of O without Ar+ ion etching and 
3.4 at% in pyridine-SWCNTs.  This shows the presence of additional O in the 
pyridine-SWCNTs.  TGA-MS analysis indicates the presence of nitrosopyridinium 
grafted on the SWCNTs after the radical addition.  Then, the presence of O in the 
pyridine-SWCNT is attributed to both the carboxylic acid and nitrosopyridinium 
groups.  The chemical environments from the contributions in N1s and I3d5/2 are 
also concordant with the molecular groups identified by TGA-MS analyses.   
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3.6  Electrical characterisation of SWCNT 
precursor networks  
In this section, electrical properties of the SWCNT precursor networks were studied to 
determine their dominant transport mechanism.  To this end, networks of SWCNT 
precursors were prepared by vacuum filtration.  Networks with different thicknesses 
were filtered onto nylon membranes as the volumes of SWCNT precursor dispersions 
increased from 2 to 20 ml.  The roughness and softness of the nylon membrane 
substrate did not allow finding of the network’s thickness by AFM and profilometry, 
respectively.  Ellipsometry could also not be used as the membranes are not reflective.  
Therefore, SWCNT networks were distinguished by the volume of SWCNT dispersion 
filtered rather than their thickness.  Thereby, the volume of SWCNTs filtered provides 
a confident parameter used here and in the subsequent chapters.  Networks’ 
thicknesses determined by scanning electron microscopy are available in Appendix E.  
However, given the difficulty to distinguish the SWCNT networks from the nylon 
membranes, these data are displayed for information.   
In-plane I-V and I-T measurements of the SWCNT precursor networks were carried out 
to identify the dominant electrical conduction across these networks.  The conduction 
mechanism found will be used as the reference conduction for molecular bridged and Pt 
bridged SWCNT networks.   
Iodobenzene-SWCNTs and pyridine-SWCNTs were functionalised by diazonium 
radical additions.  Reports showing a preferential attack of diazonium ions on 
semiconducting219 or metallic75 nanotubes are both available.  The radical additions 
of iodobenzene groups were carried out with vast excess of diazonium salts and long 
reaction time.  Thus, it is assumed that both SWCNT types will have reacted 
regardless of any preferential attack.  The Sonogashira cross-coupling being carried 
out on the iodobenzene groups will therefore not interfere with the type of SWCNTs. 
 
3.6.1 Current-voltage characteristics of SWCNT precursors 
The resistivity of SWCNT networks was shown to be dependent on the electrode 
separation.  It decreases as the device width increases and saturates from 20 µm236.  
Thus, Ti/Au top electrodes were deposited by electron beam evaporation using a 
SWCNT precursor networks 
95 
shadow mask with 50 µm electrode separation.  Networks of SWCNT precursors 
were fabricated using 2, 5, 10 and 20 ml of SWCNT dispersions in DMF (1:10 
mg/ml).  These dispersions were filtered on a nylon membrane with a pore size of 0.2 
µm using a filtration device of 25 mm diameter.  Figure 3-19 displays the I-V 
characteristics of the SWCNT precursor networks from -10 to 10 V at room 
temperature with electrode separation of 50 mm.   
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Figure 3-19 I-V measurements of 2, 5, 10 and 20 ml SWCNT precursor networks pyridine-
SWCNTs (PyrCNT), iodobenzene-SWCNTs (IPhCNT) and Sonogashira-SWCNTs (Sono) 
 
Metallic SWCNTs were shown to become non-metallic following radical additions75.  
Thus, it is expected that metallic SWCNT percolation cannot be formed.  Therefore, 
SWCNT precursor networks retain semiconducting properties even for networks 
with high loading of SWCNTs.  This is supported by the non linear current-voltage 
characteristics displayed in Figure 3-19.  All the networks exhibit non linear I-V 
characteristics, and the 20 ml iodobenzene-SWCNT network shows some charging 
effect between 2 and 10 V, while charging effect is observed for both 5 and 10 ml 
networks of the pyridine-SWCNTs.  The apparent insulating behaviour of the I-V 
characteristics for Sonogashira-SWCNT networks is the result of the scale used.  I-V 
plots for all Sonogashira-SWCNT networks are available in Figure 3-22.  
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3.6.2  Current-filtered volume plots of SWCNT 
precursors 
Figure 3-19 shows that in general, the current is higher for larger volume of 
SWCNTs dispersions filtered.  This is understood as the bigger the volume, the 
thicker the network.  The current-filtered volume evolutions at 1, 5 and 10 V were 
fitted in Figure 3-20 according to equation 3-2. 
( ) 00exp yxxAy +=         (3-2) 
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Figure 3-20 Current versus filtered volume plots at 1, 5 and 10 V for (a) iodobenzene-
SWCNT networks (b) pyridine-SWCNT networks and (c) Sonogashira-SWCNT networks 
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Interestingly, the current versus filtered volume plots in Figures 3-20 (a) and 3-20 (c) 
are drastically different than in Figure 3-20 (b).  While the current versus filtered 
volume characteristics of iodobenzene-SWCNT and Sonogashira-SWCNT networks 
showed exponential behaviours, pyridine-SWCNT networks display an asymptotic 
behaviour.  The absorption spectra reported the higher solubility of pyridine-SWCNTs 
than iodobenzene-SWCNTs in DMF.  Therefore, for the same dispersion volume, 
more pyridine-SWCNTs are deposited.  A current saturation regime is almost reached 
for these networks deposited with such volumes of pyridine-SWCNTs.  It is assumed 
that bigger dispersion vo lumes are required to reach this regime for iodobenzene-
SWCNTs.  Measurements performed on other regions of the 5 ml network resulted in 
insulating behaviour.  This showed that Sonogashira-SWCNT network was not 
uniform for 5 ml of Sonogashira-SWCNT dispersion (1:10 mg/ml) filtered.  Though it 
has a lesser current level, the Sonogashira-SWCNT network for 10 ml of filtered 
dispersion appeared more uniformed as no insulating areas were found.  According to 
the postulate for the filtration process, the self modulation of the permeation rate 
assures the uniformity of the network204.  It is suggested that for the 5 ml network, the 
low SWCNT concentration does not allow the thinner regions of the network 
compensating their delay during the filtration.  For the 10 ml network, this 
compensation took place as the film is more uniform.  But the amount of SWCNTs 
appears too small to increase the thickness.  
 
3.6.3  Current-temperature characteristics of SWCNT 
precursors 
Current-voltage characteristics of the networks were measured at different 
temperatures to examine the temperature dependence of the current.  The voltage 
applied was limited to ±10 V over a range of temperature from 100 to 300 K to avoid 
any current breakdown of the network due to a high electric field.  I-T characteristics 
of SWCNT precursor networks at 0.5, 1, 5 and 10 V are presented for 10 ml 
networks.  Indeed, I-V plots for this thickness showed a minimal range for charging 
effect and data for all precursors are available.  Figure 3-21 displays the I-T 
characteristics from 100 to 350 K at 0.5, 1, 5 and 10 V of the SWCNT precursor 
networks for 10 ml of filtered dispersions for 50 mm of electrode separation.   
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Figure 3-21 I-T characteristics at 0.5, 1, 5 and 10 V of SWCNT precursor networks filtrating 
10 ml of SWCNT dispersions 
 
The I-T plots displayed in Figure 3-21 are from measurements carried out as the 
temperature is decreased from 300 to 100 K with a step of 20 K and is then increased 
from 100 K to 300 K with a step of 20 K.  This explains the small gaps in the data 
points below 300 K but also shows that I-T plots follow the same trend after 
measurements at low temperatures.  The electrical behaviour of Sonogashira-SWCNT 
networks is the result of the scale used in Figure 3-21.  Figure 3-23 displays the I-T 
characteristics for all Sonogashira-SWCNT networks.  Note: The measurements in the 
temperature range 300-350 K were done before the sub 300 K measurements.   
Figure 3-21 shows that the current increases with the temperature.  Between 310 and 
350 K, the I-T characteristics of iodobenzene-SWCNT network do not follow the 
same behaviour.  This difference is still unexplained.  However, in the 100-300 K 
range, the current intensities of the iodobenzene-SWCNT network decrease 
consistently as the temperature is reduced.  Such behaviour confirms the I-V 
characteristics (section 3.6.1) showing that no metallic SWCNTs percolation was 
reached.  This behaviour was also expected as temperature dependence studies in 
SWCNT networks showed an increase of resistance as the temperature decreases119.  
This increase in resistance was shown to be influence by the network thickness109.  
Here, though the I-T characteristics are comparable, the current increase between 100 
and 300 K is equivalent (about one order of magnitude for 10 V) for all network 
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thicknesses.  Thermally assisted tunnelling is expected to have a smaller impact on 
the intertube junctions109.  The presence of a majority of SS junctions as the metallic 
nanotubes became non metallic (see section 3.5.5) can be the reason of this improved 
intertube junction, given that MM and SS junctions are known to have higher 
conductance levels than MS junctions208.   
 
3.7  Electrical investigations on Sonogashira -
SWCNT networks 
This section presents a detailed investigation of the electrical properties of 
Sonogashira-SWCNT networks to identify their dominant transport mechanism.  The 
method presented here was also applied to the iodobenzene-SWCNT and pyridine-
SWCNT networks.  The detailed electrical characteristics and studies of conduction 
mechanisms across pyridine-SWCNT and iodobenzene-SWCNT networks are 
available in Appendix B.  Sonogashira-SWCNT networks were selected for this case 
study as they undergone further reaction and their I-V and I-T characteristics shown 
in Figures 3-19 and 3-21 displayed a much lesser current intensity. 
 
3.7.1  Current-voltage characteristics 
Networks of Sonogashira-SWCNTs were fabricated using dispersions of 2, 5, 10 and 
20 ml of Sonogashira-SWCNTs in DMF (1:10 mg/ml).  Figure 3-22 displays the I-V 
characteristics of the 2, 5, 10 and 20 ml Sonogashira-SWCNT networks from -10 to 
10 V at room temperature with electrode separation of 50 mm.   
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Figure 3-22 I-V characteristics at room temperature for Sonogashira-SWCNT networks with 
2, 5, 10 and 20 ml of Sonogashira-SWCNT dispersion filtered 
 
Metallic SWCNTs were shown to become non-metallic following radical additions75.  
Thus, it is expected that metallic SWCNT percolations cannot be formed even for 
networks with high loading of SWCNTs.  This is supported by the non linear current-
voltage characteristics displayed in Figure 3-22, particularly in the case of thicker 
networks.  The insulating behaviour of the network made of 2 ml of Sonogashira-
SWCNT dispersion (2 ml network) is attributed to the absence of percolation path 
resulting from the low SWCNT loading in the network.  The 10 ml network 
displayed lower current intensity than the 10 ml network.  This is unexpected as the 
larger the volume the more SWCNTs are deposited.   
 
3.7.2  Current-temperature characteristics 
Given the insulating nature of the 2 ml Sonogashira-SWCNT network, the I-T 
measurements were performed on 5, 10 and 20 ml networks.  Figure 3-23 displays 
the I-T characteristics of the 5, 10 and 20 ml Sonogashira-SWCNT networks from 
100 to 350 K at 0.5, 1, 5 and 10 V.   
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Figure 3-23  I-T characteristics from 100 to 350 K at 0.5, 1, 5 and 10 V for Sonogashira-
SWCNT networks of (a) 5 ml, (b) 10 ml and (c) 20 ml of filtered dispersions 
 
The fitting parameter x0 for the I-T plots of 5, 10 and 20 ml Sonogashira-SWCNT 
networks is given in Table 3-10. 
Voltage  
(V) 
x0 fitting parameter 
5 ml 10 ml 20 ml 
0.5 175 48±21 136±12 
1 166 78±26 139±12 
5 160 92±14 150±14 
10 161 73±10 148±15 
Table 3-10 Fitting parameter x0 of the I-T characteristics for the Sonogashira-SWCNT networks 
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Figure 3-23 shows that current of the 5, 10 and 20 ml Sonogashira-SWCNT 
networks decreases as the temperature is reduced.  The I-T characteristics displayed 
in Figure 3-23 (a) are the result of the measurement over one area given that other 
regions were insulating.  To reach a uniform network with the filtration method, the 
amount of SWCNTs in the dispersion has to be sufficient so that it compensates 
regions of low SWCNT density204.  The current level observed is explained by the 
fact that more material was deposited over this area while most of the regions were 
insulating.  A sharp increase in the I-T characteristics is observed at high 
temperatures (300-350 K) for 0.5 and 1 V.  Figure 3-23 (b) shows I-T plots which 
are inconsistent as the current intensity is less than for the 5 ml network.  The current 
intensity in the network fabricated with 10 ml of dispersion was expected to be 
higher than in the 5 ml network.  At 5 and 10 V, nano-amps current levels are 
obtained.  This lower current order compared to the 5 ml Sonogashira-SWCNT 
network confirmed the non homogenous nature of the 5 ml network.  The repartition 
of SWCNTs in this network is expected to be improved as the filtration technique 
self modulates its permeation rate204.  Thus, in the 10 ml network, the coverage is 
improved but the conductivity does not increase as the additional SWCNTs are 
located in previously unfilled areas.  Figure 3-23 shows that distinct temperature 
profiles of the current are obtained depending on the sample thickness and in the case 
of the 5 and 10 ml network a difference is also observed between the high and low 
applied voltages.  The high values of the x0 fitting parameter (Table 3-10) show the 
small temperature dependence of the current. 
 
3.7.3  Conducti on models 
Variable range hopping and tunnelling based conductions were found to be the 
transport mechanisms in various SWCNT networks as well as ropes and mats (see 
Chapter 1 section 1.6).  The structure of the 2-dimensional Sonogashira-SWCNT 
networks corresponds to those of randomly oriented SWCNTs held together by van 
der Walls forces (see section 3.3).  In this section, the analysis of the electrical 
characteristics is carried out to determine the dominant conduction mechanism across 
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Sonogashira-SWCNT networks.  The method presented here will also be used for the 
electrical analyses of characteristics of other SWCNT networks. 
 
3.7.3.1  Variable range hopping conduction 
The VRH model introduced in Chapter 2 section 2.6.2.2 is further described here.  
Hopping conduction takes place in insulating and semiconducting materials whose 
energy gap contains localized states.  In disordered solids, the localised states occupy 
a large band of the energy gap.  For conduction to occur, charges have to be 
transferred from one state to another.  Such charge transfers require the assistance of 
phonons.  For a final state with a higher (lower) energy than the initial state, a 
phonon has to be absorbed (emitted) by the charge in respect with the energy 
conservation law.  In VRH, the need to minimise the distance and energy requires 
that the charges are transferred to states whose balance of both parameters is 
favourable237.  The impact of the temperature on the mechanism (via the phonons) is 
expressed by:  
( ) ( )[ ]pTTGTG 00 exp -=        (2-6) 
Where G0 and T0 are constants with the temperature and p is related to the number of 
dimensions in which the hopping occurs237.  Several current density expressions 
according to the electric field were reported.  The conductivity of the VRH is 
described by equation 3-3.  
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Where ED , a , and R are the energy supplied by the phonon, the decay constant of 
the localised wave function of the supply trap and the radial separation between 
localised states, respectively.  The application of an electric field F reduces the 
energy of the localised states by eFR .  Thus, for moderate fields the forward current 
is given by equation 3-4 while equation 3-5 describes it at high fields238. 
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For non uniform trap distribution, the current density is given by equation 3-6. 
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Others predicted field dependence currents given by equations 3-7 and 3-8 for flat 
density of states239-240. 
( ) 2ln FJ µ          (3-7) 
( ) 41ln -µ FJ         (3-8) 
Equation 3-7 is applicable for low fields when ( ) 41ln -µ TJ  while equation 3-8 is 
valid for very high fields and temperature independent conductivities.  Calculations 
within a percolation theory model lead to equation 3-9 for moderated fields241. 
( )kTeFlAG +-µ exp        (3-9) 
With G, F, l, ( )A-exp  and T are the conductance, the electric field, a fraction of the 
characteristic low-field hopping distance, the low field conductance and the 
temperature, respectively.   The absence of standard field dependence of the current 
density emphasizes the need to know the field region in which the I-V measurements 
were carried out.  This will later be considered. 
 
3.7.3.2  Donor-trap hopping  
For a donor-trap hopping conduction, the charges are transferred from a donor state 
to a trap state via hopping process.  This phenomenon is valid for low electric fields 
at low temperatures, when the energy difference between donor and trap is small.  In 
this case, the current is described by equation 3-10238. 
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3.7.3.3  Tunnelling based conduction 
Tunnelling is a quantum mechanical phenomenon.  In the presence of an energy 
barrier E, there is a non nil probability for a charge of energy E1 (E1 < E) to be 
transferred between states S1 and S2 due to its wave nature.  The tunnelling 
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corresponds to the transfer of a charge from one state to another through an energy 
barrier.   
Multiple tunnelling mechanisms were reported, amongst them the Fowler-Nordheim 
tunnelling (see section 2.6.2.1) and the direct tunnelling (see section 2.6.3).  Here, 
quantum tunnelling described by equation 3-11 is considered242. 
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With I0, B and C the low field current and constants, respectively. 
 
3.7.3.4  Conduction in Sonogashira-SWCNT networks 
In this section, the dominant electrical conduction across the Sonogashira-SWCNT 
networks is determined by a combined analysis of their I-V and I-T characteristics.  
Analysis of the electrical characteristics of Sonogashira-SWCNT networks was 
conducted considering the models cited in sections 3.7.3.1 to 3.7.3.3.  I-V and I-T 
data points at 0.5, 1, 5 and 10 V given in section 3.6.3.1 and  3.6.3.2 were 
subsequently plotted according to these models.  Note: the I-T characteristics for the 
10 ml network are not shown due to their inconsistency.  
 
3.7.3.4.1  3-D VRH 
The thicknesses of the networks are likely to be higher than the hopping distance, so 
3-dimension VRH is considered here.  Figure 3-24 displays the 4
1
)ln(
-
TversusI  
plots of the I-T characteristics according to 3D-VRH model for the 5 and 20 ml 
Sonogashira-SWCNT networks, respectively.   
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Figure 3-24 4
1
)ln(
-
TversusI  plots of  I-T characteristics at 0.5, 1, 5 and 10 V for 
Sonogashira-SWCNT networks with filtered volumes of (a) 5 ml and (b) 20 ml  
 
Figure 3-24 shows that good linear fits of 4
1
)ln(
-
TversusI  plots were obtained 
for all I-T plots from 100 to 350 K.  This implies that the conduction across the 
Sonogashira-SWCNT networks could be dominated by VRH.  This result was 
expected given that the conduction within SWCNT networks was shown to 
follow VRH119.   
 
I-V measurements were performed with 50 µm electrode separations and a voltage 
range of ±10 V equating to an electrical field up to 2´ 103 V/cm.  104 V/cm is 
considered here as the limit from low to moderate electric fields237.  The presence 
of a temperature dependence of the current, which would not exist at high fields 
also indicates that the data are within the moderate electric field region240.  Given 
that the I-V measurements were carried out in the low electric field region, only 
equation 3-7 for low electric fields is considered for the fittings.  Figure 3-25 
shows the 2)ln( VversusI  plots from 0 to 10 V for the 5 and 10 and 20 ml 
Sonogashira-SWCNT networks.   
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Figure 3-25 2)ln( VversusI  plots of I-V characteristics at room temperature for 5, 10 and 
20 ml Sonogashira-SWCNT networks 
 
Figure 3-25 shows the absence of linear behaviour for the 2)ln( VversusI  plots 
from 0.1 to ~4.7 V for the 5, 10 and 20 ml Sonogashira-SWCNT networks.  Beyond 
~4.7 V a linear trend is obtained for all networks.  Consequently the 3D-VRH model 
would dominate the conduction from 4.7 to 10 V.   
 
None of the plots fit the VRH equations over the full voltage range as it was 
expected due to the field range of validity of equation 3-7.  According to the VRH 
theory, Figure 3-25 should have displayed linear trends even at lower voltages.  But, 
the characteristics are not linear in the region where they were most expected to be 
(below 4.7 V).   
Generally, VRH conduc tion in SWCNT networks is reported only using I-T 
measurements.  To our knowledge, no other analysis of I-V plots according to VRH 
was available for SWCNT networks to compare these results.  Here, a combined 
analysis of I-V and I-T characteristics was carried out according to the VRH model.  
It shows that although the I-T plots showed good fittings, the I-V plots did not 
display the expected results according to the model.  This causes to discount the 
VRH as a dominant transport mechanism as the I-V plots do not validate the model.  
 
3.7.3.4.2  Donor-acceptor hopping 
Figure 3-26 displays the 7
1
)ln(
-
TversusI  plots of the I-T characteristics for the 5 
and 20 ml Sonogashira-SWCNT networks. 
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Figure 3-26 7
1
)ln(
-
TversusI  of I-T characteristics at 0.5, 1, 5 and 10 V for (a) 5 ml and 
(b) 20 ml Sonogashira-SWCNT networks 
 
7
1
)ln(
-
TversusI  plots of the I-T characteristics were plotted with their linear fits 
from 100 to 300 K.  Figure 3-26 shows that good linear fits were obtained for all the 
networks.   
This linear behaviour of 7
1
)ln(
-
TversusI  plots indicates donor-trap hopping across 
the network.  This model is applicable for low electric fields so is here plausible for 
all the characteristics238.  Figure 3-26 suggests that the conduction in the 
Sonogashira-SWCNT networks is governed by donor-trap hopping.  However, this 
model is valid at low temperatures which contrasts with the linear plots obtained 
above 300 K.  This suggests that the conduction is dominated by another conduction 
whose ( ) 71ln -µ TI  plots of the I-T characteristics look linear.   
( ) 71ln -µ TI , ( ) 31ln -µ TI  and ( ) 41ln -µ TI  plots were reported to follow the same 
linear trend over a temperature range a decade below 300 K238.  Then, though good 
fits were obtained according to the donor-acceptor hopping model, it is unlikely that 
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this model governs the conduction across the Sonogashira-SWCNT networks.  
Unfortunately, the donor-trap hopping model does not provide a field dependence of 
the current.  So the I-V characteristics cannot be exploited according to this model.    
 
Section 3.7.3.4.1 showed that despite the linear behaviour of the I-T plots according 
to equation 2-6 the I-V characteristics do not agree with the VRH theory.  In section 
3.7.3.4.2, the I-T plots also fitted equation 3-10, however, the donor-acceptor 
hopping was discounted as the model is not valid in the temperature range analysed.  
 
3.7.3.4.3  Tunnelling conduction 
I-V and I-T characteristics were fitted using equation 3-11.  Good fittings of the I-V 
characteristics (not shown) were achieved.  However, no fitting of the I-T 
characteristics could be obtained using Origin 7 softwarexvi.   
In tunnelling mechanisms, the current is known to have an exponential dependence with 
the temperature179.  Thus, equation 3-11 was modified by substituting its temperature 
related term ( )CkTCkT pp sin  with an exponential dependence ( )ATexp  where A is a 
constant.  The intuitive modification of equation 3-11 simplified it into equation 3-12. 
( ) ( ) ÷
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Where I0 is the current at low field and A, B and C are constants.   
Equation 3-12 preserves the voltage dependence of the current observed with 
equation 3-11.  The general exponential dependency of the current with the 
temperature for tunnelling conduction is also respected179.  According to equation 3-
12, the constant A is determined by ( ) TversusIln  plots of the I-T characteristics.   
Thus, ( ) TversusIln  plots of the I-T characteristics (not shown here) were used to 
find the constant A of equation 3-12.  The values of A for each network, shown in 
Table 3-11, are integrated into equation 3-12 for the fittings of both I-V and I-T plots.  
Filtered volume for 
networks (ml) 
Constant A values 
5 0.0065 
20 0.0088 
Table 3-11 Values of constant A for Sonogashira-SWCNT networks 
                                                 
xvi All plots and fittings were performed in Origin 7 
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Figure 3-27 displays the I-V characteristics fitted according to equation 3-12. 
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Figure 3-27 I-V characteristics of 5 and 20 ml Sonogashira-SWCNT networks with their fits 
according to equation 3-12 
 
Figure 3-27 shows that good fits of the characteristics using equation 3-12 were obtained 
on the whole voltage range for all networks.  Figure 3-28 displays the I-T characteristics 
for 5 and 20 ml Sonogashira-SWCNT networks fitted according to equation 3-12.   
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Figure 3-28 I-T characteristics according to equation 3-12 for (a) 5 ml and (b) 20 ml 
Sonogashira-SWCNT networks 
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Figure 3-28 shows good fits of the I-T characteristics from 100 to 350 K.  Though the 
fittings do not appear better than in Figure 3-26, the tunnelling model is valid in this 
temperature range contrary to the donor-acceptor hopping model.  Thus, both I-V and 
I-T characteristics display good fittings of equation 3-12 which suggests a quantum 
tunnelling based conduction within the Sonogashira-SWCNT networks.   
This result is supported by the low temperature dependence of the current, which is 
highlighted by the high values of x0, the fitting parameter, which provides the  
proportionality of temperature dependence with the current, for the I-T plots.  
Quantum tunnelling also appeared as the dominant conduction mechanism in 
iodobenzene-SWCNT networks (see Appendix B.1).  This result was expected given 
that the Sonogashira cross-coupling modifies the functional groups rather than 
creating bridges between SWCNTs.  
 
3.7.4  Discussion 
The study of the electrical characteristics of the Sonogashira-SWCNT networks led 
to good fitting of the I-T characteristics according to the hopping and tunnelling 
models.  But, any linear fitting in the I-V plots according to the VRH model, is 
limited to the high voltage region which is inconsistent with the theory.  However, 
the I-V characteristics for all networks also show good fits of the quantum tunnelling 
conduction model.  The intuitively modified quantum tunnelling model (equation 3-
12) proposed in this work, showed good fits of both the I-V and I-T characteristics 
for all networks.  Consequently, the conduction across all Sonogashira-SWCNT 
networks appears to be governed by the modified quantum tunnelling model.  This 
result was partly expected as the conduction across SWCNT networks was shown to 
be dominated by tunnelling and hopping mechanisms depending on the network 
thickness119.  Here, the tunnelling conduction is dominant even for the thick 
networks.  The I-T characteristics displayed good fits according to both hopping and 
tunnelling models however the donor-acceptor hopping model was invalid and any 
fitting of the I-V characteristics in the VRH models was limited to the high voltage 
region which is inconsistent with the theory.  Using the same analytical method, 
quantum tunnelling was also found to be dominant in iodobenzene-SWCNT and 
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pyridine-SWCNT networks (see Appendix B).  This supports the results obtained for 
the Sonogashira-SWCNT networks as the Sonogashira coupling did not bridge 
SWCNTs, but the reaction coupled iodobenzene-SWCNTs to TMSA to give 1-
(trimethylsilyl)-2-phenylacetylene-SWCNTs (Sonogashira-SWCNTs).  It was 
therefore expected that the same mechanism will dominate the conduction across 
iodobenzene-SWCNT and Sonogashira-SWCNT networks. 
 
3.8  Discussion/Conclusion 
This chapter reports on the fabrication and characterisation of SWCNT precursors for 
bridged-SWCNTs.  Numerous diazonium reactions on SWCNTs are reported.  Heck 
and Suzuki couplings on SWCNTs were also reported243-244.  Here, Sonogashira 
cross-coupling was performed on SWCNTs.  This is, to our knowledge, the first time 
that this coupling is reported for the functionalisation of SWCNTs.   
 
Spectroscopy analyses attested of the modification of the structure of the 
SWCNTs after radical addition of aryl groups.  Sonogashira cross-coupling was 
also carried out on iodobenzene-SWCNTs.  The absorption spectra showed the 
lesser solubility for the Sonogashira-SWCNTs than for the iodobenzene-
SWCNTs.  TGA-MS analyses confirmed the presence of pyridine, iodobenzene 
and 1-(trimethylsilyl)-2-phenylacetylene groups grafted onto the respective 
SWCNT samples.  Elemental analyses completed the study by giving a qualitative 
estimation of the level of functionalisation; 2.5 at% and 1.9 at% for iodobenzene 
and pyridine groups, respectively.  The XPS analysis was essential to differentiate 
the silicon from the trimethylsalyl acetylene from the silicon contaminant (silicon 
from the grease used to seal glass vessels).  The contributing bands centred 
around 101.4 eV and 104.7 eV binding energies were attributed to the silicon 
from 1-(trimethylsilyl)-2-phenylacetylene and silicon grease, respectively.  A 
silicon concentration of 1.8 at% was estimated for 1-(trimethylsilyl)-2-
phenylacetylene groups.  In parallel, the iodine amount decreased from 2.5 at% in 
iodobezene-SWCNTs to 1.2 at% in Sonogashira-SWCNTs indicating that the 
Sonogashira cross-coupling has occurred.  TGA-MS analysis confirmed the 
functionalisation level in iodobenzene-SWCNTs and Sonogashira-SWCNTs but 
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not in pyridine-SWCNTs, where an incongruity was observed in the TGA spectra.  
The abnormality was attributed to variations in the repartition of the moieties.   
 
SWCNT precursor networks were fabricated by vacuum filtration and details of the 
structure for such networks were provided.  Electrical characteristics of iodobenzene-
SWCNT, pyridine-SWCNT and Sonogashira-SWCNT networks were studied.  A 
modified quantum tunnelling model was found to best fit the current-voltage and 
current-temperature characteristics.  Thus, quantum tunnelling was identified as the 
conduction mechanism governing the charge transport across Sonogashira-SWCNT 
networks.  Using the same analytical method, quantum tunnelling was also identified 
as the dominant conduction mechanism in iodobenzene-SWCNT and pyridine-
SWCNT networks (see Appendix B).  This tunnelling conduction was found to 
govern the conduction in all SWCNT networks whatever their thickness.   
 
VRH and tunnelling mechanisms are repeatedly reported for the conduction in 
SWCNT networks.  This result contrasts with previous studies showing that VRH 
was dominant for thick SWCNT networks.  VRH conduction was expected for the 
non transparent networks as reported elsewhere119.  This would correspond to the 
networks made with 10 and 20 ml of SWCNT dispersions as their thicknesses are 
estimated to ca. 40-50 microns (see Appendix E).  Recently, Kaiser and co-workers 
proposed a metallic conduction model, where the transport is interrupted by thin 
tunnelling barriers, backscattering by zone boundary phonons and VRH, to explain 
the electronic conduction in SWCNT networks245.  Though this model incorporated 
conduction within SOCl2 and aniline functionalised SWCNT networks, the analysis 
is again largely based on the temperature dependence of the current.  In the 
conduction studies reported, the networks were composed of semiconducting and 
metallic SWCNTs.  This model is valid when metallic SWCNTs are present into the 
networks.  This is not the case in our SWCNT precursor networks as the metallic 
SWCNTs became non metallic after diazonium additions75.   
 
In this work, the SWCNTs had undergone radical additions.  It is known that 
damages caused by the radical addition degrade the electrical properties of 
SWCNTs246.  The vast excess of diazonium reactants and the long reaction time used 
suggest that metallic nanotubes became non metallic as the SWCNTs were 
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extensively damaged75.  Thereby, it is suggested that the SWCNT precursor networks 
are virtually free of metallic SWCNTs.  VRH dominated conduction are typically 
reported for pristine SWCNT networks119.  Thus, the changes in the electronic 
structures of the SWCNT precursors can explain this of difference conduction 
mechanisms.  In addition, the identification of the conduction in SWCNT networks 
usually results uniquely from the analysis of their I-T plots.  Here, a combined 
analysis of the I-V and I-T characteristics was required as both hopping mechanisms 
and the modified tunnelling model fitted the I-T plots.  The major factor indicating a 
dominant quantum tunnelling mechanism was extracted from good I-V and I-T fits.  
This suggests that a combined electrical analysis of other SWCNT networks could  
also lead to a tunnelling dominated conduction.  
The findings for the SWCNT precursor networks will be used as reference, when 
analysing the conduction mechanisms in bridged SWCNT and Pt-SWCNT networks, 
in Chapter 4 and Chapter 5, respectively.  
 
3.9  Summary 
This chapter reports the formation of functionalised SWCNTs precursors via 
diazonium radical additions and for the first time to our knowledge, via Sonogashira 
cross-coupling.  The results from the characterisation of Sonogashira-SWCNTs are 
presented along with the other functionalised SWCNTs.  Functionalisation levels of 
2.5 at% in iodobenzene-SWCNTs, 2.1 at% in Sonogashira-SWCNTs and 1.9 at% in 
pyridine-SWCNTs were estimated from both XPS and TGA-MS analyses.   
Quantum tunnelling was found to govern the conduction across all SWCNT precursor 
networks.  This result was achieved from a combined analysis of the I-V and I-T 
characteristics.  This contrasts with the VRH conduction typically obtained for such 
networks.  This is particularly true for the thick networks (made with 10 and 20 ml of 
SWCNT dispersions).  This difference in materials and the fact that analyses of 
conduction mechanisms across SWCNT networks reported in the literature relied only 
on I-T characteristics are possible explanations for this divergence. 
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Chapter 4  
Organic molecular bridged SWCNT networks 
 
 
4.1  Introduction 
The presence of covalent bondings between molecules and electrodes are expected to 
provide better junctions and enhance the electronic transmission247.  So, it is thought 
that conductive organic molecular bridges covalently built between SWCNTs could 
facilitate the current flow across SWCNT networks.  For instance, the cross-linking 
of carbon nanotubes was shown to improve the mechanical and electrical 
performance of pellets made out of them248.  The electrical behaviour of molecules-
SWCNTs junctions reported, mainly involved individual molecules covalently 
bonded to SWCNT electrodes193,249-251.  A previous effort in cross- linking nanotubes 
in bucky papers via diamine linkers was reported elsewhere197.  However, no 
evidence was shown that both extremities of the diamine linkers had been bonded197.  
Formation of molecular junctions between nanotubes and charge transfer across the 
junction were demonstrated by microscopy252-253.  Both works involved bridging the 
SOCl2 functionalised SWCNTs with diamine linkers to study the electrical properties 
of interconnected SWCNT networks.  Electrical conductivities of bucky papers 
whose networks presented 30% of bridged SWCNTs (AFM analysis) were reported 
to drop to 20 S/cm253.  However, an increase in electrical conductivity was reported 
for bridged SWCNT pellets248.  Table 4-1 displays electrical conductivities reported 
for bridged SWCNT networks.   
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Table 4-1 Reported electrical conductivities of bridged SWCNT networks 
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Previous efforts in characterising the electrical properties of bridged SWCNT 
networks were limited to their conductivity.  In such networks, the transport across 
direct nanotube-nanotube junctions (see section 3.3) competes with the nanotube-
molecule-nanotube junctions.  However, the transport mechanism was not 
investigated in these networks.   
 
In this work, networks of bridged-SWCNTs were fabricated and their dominant 
conduction mechanism was identified.  A bridging approach different to those 
previously reported was followed.  Instead of using diamine253 or cycloaddition254 
bridgings, carbon-carbon bonds are formed using organometallic coupling reactions.  
The advantage of this method lies in the coupling of the grafted moieties of the 
SWCNT precursors, whose intermediate elements disappear after reaction.  In fact, 
when a molecule is used to covalently bridge two SWCNTs by forming the same 
bond with each SWCNT, evidence of the cross-linking cannot be provided with 
spectroscopic methods254.  Here, it is the study of elements from SWCNT precursors 
(Si and I) which indicates whether organic bridges were fabricated.  Such 
organometallic processes were already used in SWCNT chemistry.  For instance, 
photoluminescence studies of anthracenyl derivative SWCNTs and chromophore-
functionalized SWCNTs prepared via Heck244 and Suzuki243 couplings, respectively, 
were reported.  So far, these couplings have been used to functionalise the nanotubes 
but not to create molecular bridges.  Here, molecular bridges between SWCNTs are 
formed via homo-coupling and cross-coupling.  The creation of molecular bridges 
involved, at first, the formation of iodobenzene-SWCNTs and Sonogashira-SWCNTs 
as precursors (see Chapter 3).  In this chapter, these SWCNT precursors are used to 
build-up bridges between their moieties, and indirect evidence of the molecular 
bridging of these SWCNT precursors are provided.  In addition, the mechanisms 
governing the conduction across these covalently bridged SWCNT networks were 
identified based on a combined analysis of their electrical characteristics.   
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4.2  Fabrication of organic molecular bridged 
SWCNTs 
4.2.1  Homo-coupling of Sonogashira -SWCNTs 
A modified version of the Sonogashira coupling, with a coupling mediated by CuCl, 
was reported255.  The scheme of this homo-coupling applied to the Sonogashira-
SWCNTs is shown in Figure 4-1. 
Si2 x
CuCl
 
Figure 4-1 Scheme of the homo-coupling reaction on Sonogashira-SWCNTs 
 
The fabrication of covalent molecular bridges using the homo-coupling process not 
only benefit from the absence of Pd catalyst and nucleophilic activator255 but also 
from the fact that the reaction is performed in DMF.  DMF is known as a good 
solvent for the dispersion of carbon nanotubes210.  The homo- coupling performed in 
this scheme results in SWCNTs bridged by 1,2 diphenyldiacetylene molecules. 
 
4.2.2  Cross-coupling of iodobenzene-SWCNTs and 
Sonogashira -SWCNTs 
A cross-coupling reaction performed between alkynylsilanes and aryls in DMF was 
reported255.  The scheme for the cross-coupling reaction applied to iodobenzene-
SWCNTs and Sonogashira-SWCNTs is given in Figure 4-2.  Following the cross-
coupling process, covalent molecular bridges of 1,2-diphenylacetylene molecules are 
built between SWCNTs. 
Si
CuCl
Pd(PPh3)4
I
 
Figure 4-2 Scheme of cross-coupling reaction of iodobenzene-SWCNT and Sonogashira-SWCNT 
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4.2.3  Ullmann coupling of iodobenzene-SWCNTs 
Figure 4-3 displays the scheme of the Ullmann coupling in DMF, using N,N-
diisopropylethylamine as base and di-m-chlorobis[5-chloro-2-[(4-chlorophenyl) 
(hydroxyimino-kN)methyl]phenyl-kC]palladium dimer as catalyst, leading to the 
formation of biaryls molecular bridges between SWCNTs256. 
I2 x
diisopropylethylamine
dim-PdPh2Cl3NOH
 
Figure 4-3 Scheme of the Ullmann coupling of two iodobenzene-SWCNTs 
 
Figure 4-3 shows that covalent biaryl bridges are created as a result of the Ullmann 
coupling. 
 
4.3  Characterisation of molecular bridged SWCNTs 
4.3.1  UV-visible-near IR spectroscopy 
Absorption spectra of oversaturated dispersions of covalently bridged SWCNTs in 
DMF (1:10 mg/ml) were recorded before and after couplings.  Figure 4-4 shows the 
absorption spectra before and after the respective couplings. 
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(b) 
(c) 
Figure 4-4 Absorption spectra normalised at 300 nm of saturated dispersions in DMF of (a) 
Sonogashira-SWCNTs and homocoupled-SWCNTs (b) iodobenzene-SWCNTs, Sonogashira-
SWCNTs and homocoupled-SWCNTs and (c) iodobenzene-SWCNTs and Ullmann-SWCNTs 
 
Figure 4-4 (a) shows that Sonogashira-SWCNTs and homocoupled-SWCNTs have 
the same absorption profile.  Figure 4-4 (b) shows that the absorption profile of the 
SWCNTs after cross-coupling is different from both precursors (iodobenzene-
SWCNTs and Sonogashira-SWCNTs).  The absorption profile (Figure 4-4 (c)) after 
the Ullmann coupling is also different to that of its precursor; the iodobenzene-
SWCNTs.  The concentrations of the oversaturated dispersions at 500 nm were found 
using equation 3-1 and 5.25=le (mg/L)
-1 cm-1 at 500 nm 153.  Table 4-2 displays these 
values alongside the concentration of the SWCNT precursors.   
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Concentration at 500 nm (mg/L) 
SWCNT 
precursors 
Iodobenzene-SWCNTs 6.2 
Sonogashira-SWCNTs 4.7 
Molecular bridged 
SWCNTs 
Homocoupled-SWCNTs 4.7 
Crosscoupled-SWCNTs 4.3 
Ullmann-SWCNTs 4.2 
Table 4-2 Concentrations of oversaturated dispersions of SWCNT precursors and molecular 
bridged SWCNTs 
 
Table 4-2 indicates that the solubility decreased as a result of the coupling reactions 
except for the homo-coupling, which did not affect the solubility.  This result was 
expected, as covalent molecular bridges between nanotubes are expected to create 
larger SWCNT aggregates.  These aggregates are expected to have a smaller 
solubility.  A smaller concentration of 1,2-diphenyldiacetylene bridged SWCNTs 
(homocoupled-SWCNTs) was expected as two 1-(trimethylsilyl)-2-acetylene 
moieties coupled to create 1,2-diphenyldiacetylene.  The fact that the solubility of the 
homocoupled-SWCNTs has not changed from it precursor can be explained by a low 
number of bridges created.  In this case, a small enough amount of 1,2-
diphenyldiacetylene bridges could not to impact on the solubility of the SWCNTs.  
 
4.3.2  XPS analysis 
XPS analyses were carried out on the covalently bridged SWCNTs.  Prior to XPS 
analyses, the bridged-SWCNTs were etched by an Ar + bombardment for about 30 
seconds at 3 kV to reduce the contamination from the atmosphere.  Figure 4-5 
displays the C1s, I3d5/2, Cu2p and O1s XPS spectra in bridged SWCNTs.   
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Figure 4-5 C1s, I3d5/2, Cu2p and O1s XPS spectra of molecular bridged SWCNTs 
 
Table 4-3 summarises the atomic concentrations, binding energies and FWHM of 
elements in molecular bridged SWCNTs. 
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Elements 
Homocoupled-SWCNTs Crosscoupled-SWCNTs Ullmann-SWCNTs 
Conc ( at%) BE (eV) FWHM Conc ( at%) BE (eV) FWHM Conc ( at%) BE (eV) FWHM 
C1s 72.4 284.7 1.5 85.7 284.7 1.3 90.7 284.6 1.2 
O1s 8.8 529.9 4.3 7.9 533.4 3.7 5.8 532.4 2.8 
N1s 1.8 400.0 2.3 1.3 399.8 2.3 - - - 
I3d5/2 0.4 619.7 1.8 0.9 620.7 2.5 0.2 620.6 2.8 
Si2p 2.2 104 3.3 1.9 104.2 3.1 - - - 
Cu2p3/2 12.9 932.7 1.1 0.3 932.6 2.7 - - - 
Pd3d5/2 0.3 335.9 2.4 1.3 335.6 1.2 1.7 335.5 1.2 
Cl2p 1.3 200.5 3.3 0.9 200.7 1.3 - - - 
F1s - - - - - - 1.5 689 2.1 
Table 4-3 Atomic concentrations, binding energies and FWHM of elements identified in molecular bridged SWCNTs  
 
Table 4-3 shows that the relative concentration of Cu is very high in homocoupled-SWCNTs.  Cu was used as catalyst in the homo-coupling and 
should have been removed from the SWCNTs after the washing step.  This high Cu concentration suggests that Cu was not eliminated by the 
washing process, rather, a new a compound containing Cu could have been formed.   
Note: the presence of F is explained by the PTFE filtration membrane used during the SWCNTs washing.   
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Figure 4-5 shows that little variations in the width of the C1s spectra base are 
observed in the C1s spectra.  The I3d5/2 spectra indicate the presence of two iodine 
compounds whose relative proportions changed according to the molecular bridged 
SWCNTs.  Figure 4-1 indicates that the homo-coupling reaction does not involve 
iodine.  Thus, in homocoupled-SWCNTs, the intensity of the contribution from I-C 
bonds is lower than the contribution from I- bonds created as a by-product of the 
coupling.  It therefore appears as a shoulder of the I3d5/2 spectrum envelope.  
Thereby, the envelope of the I3d5/2 spectrum of homocoupled-SWCNTs is, as 
expected, similar to that of I3d5/2 of Sonogashira-SWCNTs (Figure 3-16).  The 
iodobenzene-SWCNTs, used as precursors, intervene into the the cross-coupling and 
Ullmann reactions.  Therefore, the analysis of I3d5/2 XPS spectra in crosscoupled-
SWCNTs and Ullmann-SWCNTs is detailed in the following.   
 
The relative atomic concentration of iodine appears to drop from 2.5 at%. in 
iodobenzene-SWCNTs (Table 3-4) and 1.2 at%. in Sonogashira-SWCNTs (Table 3-4) 
to 0.9 at%. in crosscoupled-SWCNTs (Table 4-3).  The iodine concentration also 
dropped after Ullmann coupling to reach 1.2 at%.  This indicates a release of iodine 
following these couplings.  Figure 4-6 shows the XPS spectrum of the I3d5/2 after 
cross-coupling and Ullmann coupling.  
 
 (a) 
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 (b) 
Figure 4-6 I3d5/2 XPS spectrum of (a) crosscoupled-SWCNTs (b) Ullmann-SWCNTs 
 
Figure 4-6 shows two distinct components of the I3d5/2 XPS peak for both 
crosscoupled-SWCNTs and Ullmann-SWCNTs.  The reactants of the cross-coupling 
reaction provided two sources of iodine in the sample (iodobenzene-SWCNTs and 
Sonogashira-SWCNTs).  The profile of the I3d5/2 peak in iodobenzene-SWCNTs 
(Figure 3-16 (a)) presents only one component but the I3d5/2 peak in Sonogashira-
SWCNTs (Figure 3-16 (b)) showed two contributions.  The comparison between the 
I3d5/2 spectra before and after cross-coupling was done using the I3d5/2 spectrum of 
Sonogashira-SWCNTs.  The main parameters of the contributions obtained from the 
decomposition of the I3d5/2 bands are given in Table 4-4. 
Contributions Area BE 
(eV) 
FWHM 
(eV) 
Conc 
( at%) 
Bonds 
Iodobenzene-
SWCNTs 
I 1 46.6 620.2 1.1 67.6 
I-C 232 
I 2 22.4 620.4 2.7 32.4 
Crosscoupled
-SWCNTs 
I 1 9.2 619.1 1.5 36.6 I- 233 
I 2 15.9 620.7 1.5 63.4 I-C 232 
Ullmann-
SWCNTs 
I 1 1.8 619 1.3 41.2 I- 233 
I 2 2.6 620.6 1.6 58.8 I-C 232 
Table 4-4 Main parameters for the contributions of I3d5/2 XPS spectra in iodobenzene-
SWCNTs, crosscoupled-SWCNTs and Ullmann-SWCNTs 
 
The comparison between the parameters of the I3d5/2 components in Table 4-4 shows 
that their binding energies are the same for the crosscoupled-SWCNTs and Ullmann-
SWCNTs.  Thus, the chemical environment of the iodine is the same after covalent 
bridging.  The area of I2 stayed almost constant but the area of I1 decreased by a factor 
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of 2.  The proportion of I1 decreased from 54.3 at%. to 36.6 at% after cross-coupling 
reaction.  The fact that iodobenzene-SWCNTs were also reactants in the cross-
coupling explains the higher proportion of I2 than I1 compared to Figure 4-3.  Overall, 
I from iodobenzene dropped from 2.5 at% and 0.6 at% in iodobenzene-SWCNTs and 
Sonogashira-SWCNTs to 0.5 at% in crosscoupled-SWCNTs, respectively.   
For Ullmann-SWCNTs, the comparative analysis was based on their iodobenzene-
SWCNT precursors.  After a 93.5% drop, the overall iodine concentration reaches 
0.2 at%.  The relative concentration of iodine from iodobenzene was found to be 0.1 
at%.  This corresponds to a maximum of 1.2 at% of biaryl bridges in Ullmann-
SWCNTs.  The drops of the relative iodine concentrations, after cross-coupling and 
Ullmann coupling, are indications that these reactions were successful.   
 
The C1s XPS spectrum of homocoupled-SWCNTs shown in Figure 4-5 is analysed in 
Figure 4-7.  The eventuality to create the SWCNT-Ph-CºC-Cu coupling intermediate 
during the homo-coupling led to analyse the C1s spectrum of the homocoupled-SWCNTs.  
The high concentration of Cu in the homocoupled-SWCNTs (Table 4-3) could be 
explained by the presence of the SWCNT-Ph-CºC-Cu intermediate.  If this intermediate 
was present it would be detected by a band for the C-Cu bond at about 283.6 eV257.   
 
Figure 4-7 C1s XPS spectrum for homocoupled-SWCNTs with its 4 contributions 
 
The C1s XPS spectrum of homocoupled-SWCNTs shown in Figure 4-7 exhibits the 
same profile as the spectrum in Figure 3-14.  Similar to the XPS studies in sections 
3.4.2 and  3.5.4.2, the deconvolution, using 4 contributions C1, C2, C3 and C4, of the 
C1s spectrum achieved good fits.  The main parameters of the contributions obtained 
from the decomposition of the C1s spectrum are given in Table 4-5.  
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Component C1s in SWCNTs (C1+C2) C3 C4 
Area 17.5 61.4 16.7 9.6 
FWHM (eV) 0.9 1.6 2.4 4.9 
Binding energy, 
BE (eV) 
284.6 284.9 286 288 
% concentration 16.3 59.4 15.5 8.9 
Table 4-5 Main parameters for the contributions in C1s of homocoupled-SWCNTs 
 
Table 4-5 shows that the three contributions are at least 1 eV above the binding 
energy of the C-Cu bond (283.6 eV257).  Thus, C-Cu bonds are absent of the material, 
which indicates that the SWCNT-Ph-CºC-Cu coupling intermediate was not created.  
The absence of this intermediate suggested that the homo-coupling was completed.  
Figure 4-8 displays the O1s XPS spectrum of homocoupled-SWCNTs for which a 
good fit was achieved using 5 contributions. 
 
 
Figure 4-8 O1s XPS spectrum in homocoupled-SWCNTs 
 
Table 4-6 displays the main parameters of the five contributions. 
Contributions  Area BE (eV) 
FWHM 
(eV) 
Con. 
( at%) Groups 
O1 6.2 529.7 0.9 16.1 CuO 258 
O2 4.3 530.3 1.1 11.2 Cu2O 258 
O3 13.5 531.5 2.3 34.9 COOH 259 
O4 12.9 533.4 2.6 33.4 SiO2 260 
O5 1.7 535.9 1.9 4.5 CO2 261 
Table 4-6 Main parameters of the contributions of O1s XPS spectrum in homocoupled-SWCNTs 
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The O1s XPS spectrum indicates that CuO and Cu2O are created during the homo-
coupling.  This was expected because this coupling was carried out in air.  
Contributions from SiO 2 (silicon grease), COOH (carboxylic acid grafted on the 
SWCNT) and adsorbed CO2 are also identified.  The CO2 was probably located in 
the SWCNTs cavity, given that the Ar+ bombardment had eliminated most of the 
surface contamination.  The presence of CuO and Cu2O in the homocoupled-
SWCNTs explains why high concentrations of Cu and O remain (Table 4-3).  Note: 
here, CuO and Cu2O are part of the homocoupled-SWCNTs but not grafted on the 
SWCNTs.  To further confirm the presence of CuO and Cu2O in homocoupled-
SWCNTs, the Cu2p3/2 spectrum was analysed.  Figure 4-9 displays the Cu2p3/2 
XPS spectrum for homocoupled-SWCNTs.  
 
Figure 4-9 Cu2p and Cu2p3/2 XPS spectra for homocoupled-SWCNTs with 5 contributions 
for the Cu2p3/2 band 
 
Figure 4-9 shows the good fitting of the Cu2p3/2 XPS spectrum with 5 contributions.  
The contributions consist of two components and 3 satellites262.  The parameters of 
the contributions obtained from the Cu2p3/2 spectrum are grouped in Table 4-7. 
Contributions  Area BE 
(eV) 
FWHM 
(eV) 
Conc. 
( at%) 
Groups 
Cu1 93.2 932.7 0.8 28.9 Cu263 or CuO264 
Cu2 145.6 932.9 1.7 45.3 Cu2O 258,262 
Sat Cu1 72.8 934.5 3.7 22.6 Cu2O 262 
Sat Cu2 5.2 940.8 2.1 1.6 Cu2O 262 
Sat Cu3 5.1 943.9 1.4 1.6 Cu2O 262 
Table 4-7 Main parameters of the contributions of Cu2p3/2 XPS spectrum in 
homocoupled-SWCNTs 
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The analysis of the Cu2p3/2 XPS spectrum summarised in Table 4-7 confirms the 
presence of CuO and Cu2O.  The absence of a peak at about 933.4 eV for Cu-C bond from 
copper carbide265 shows that this species is not present.  This supports the observations in 
C1s XPS spectrum showing the absence of intermediate SWCNT-Ph-CºC-Cu.   
 
Figures 4-10 (a) and (b) compare the Si2p XPS spectra of Sonogashira-SWCNTs 
with those of homocoupled-SWCNTs and crosscoupled-SWCNTs, respectively. 
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Figure 4-10 Comparison of the Si2p XPS spectra of Sonogashira-SWCNTs and (a) 
homocoupled-SWCNTs and (b) crosscoupled-SWCNTs 
 
Figure 4-10 shows that the profile of the Si2p XPS spectra changed from a band with 
two broad ‘shoulders’ at the high energies in Sonogashira-SWCNTs to a band with 
two narrow shoulders at high and low energies in homocoupled-SWCNTs and one 
broad band in crosscoupled-SWCNTs.  These profile changes resulted in the 
upshifting towards higher binding energies of the Si2p bands following both 
couplings.  This indicates a relative decrease the amount of the Si from the functional 
groups compared to that of SiO 2.  Detailed analyses of the Si2p XPS spectra were 
conducted for homocoupled-SWCNTs and crosscoupled-SWCNTs in Figure 4-11. 
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(a) 
(b) 
Figure 4-11 Si2p XPS spectrum of (a) homocoupled-SWCNTs and (b) crosscoupled-
SWCNTs with their 3 contributions 
 
Figure 4-11 shows that good fits were obtained using 3 components for both spectra.  
The ratio  of 0.5 for the contribution Si2 was kept for the fitting234.  
Given their small areas, the components Si1 were represented by one peak and their 
FWHM was not restricted compared to that of Sonogashira-SWCNTs. 
The Si2p envelopes of the homocoupled-SWCNTs and crosscoupled-SWCNT in 
Figure 4-11 display different profiles to that of Sonogashira-SWCNTs (Figure 3-
17).  Indeed, Sonogashira-SWCNTs display a peak at around 101 eV with two 
broad “shoulders” at 103 and 107 eV.  However, Figure 4-11 (a) shows one peak at 
104 eV with two narrow “shoulders” at 101.9 and 106.3 eV.  At lower binding 
energies, this peak was followed by a plateau- like behaviour.  As a result, the 
position of the total Si2p spectrum shifted from 101.6 eV to 104 eV.  This shifting 
2/32
2/12
pSi
pSi
Area
Area
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and the change of profile indicate the reduction of the component Si1 component at 
101.6 eV, which was attributed to the contribution of Si from 1-(trimethylsilyl)-2-
phenylacetylene to the Si2p peak235.  Figure 4-11 (b) displays a broad Si2p peak 
with no visible ‘shoulders’.   
The main parameters of the contributions obtained from the decomposition of Si2p in 
homocoupled-SWCNTs and crosscoupled-SWCNTs are given in Table 4-8. 
Contributions  Area BE (eV) 
FWHM 
(eV) 
Conc. 
( at%) Groups 
Homocoupled-
SWCNTs 
Si1 0.6 101.9 2.2 12 Si-C235 
Si2 1.5 104 2.4 44.9 SiO2266 
Si3 0.7 106.3 2.9 43.1 SiO2235,266 
Crosscoupled-
SWCNTs 
Si1 0.2 101.5 2.7 7.8 Si-C 235 
Si2 1.4 104.5 2.9 59.1 SiO2 266 
Si3 0.8 106.6 5.9 33.1 SiO2 235,266 
Table 4-8 Main parameters of the contributions for Si2p spectra in homocoupled-SWCNTs 
and crosscoupled-SWCNTs where Si2 and Si3 components represent the Si2p3/2 and Si2p1/2 
contributions 
 
After homo-coupling, the overall Si concentration decreases from 2.8 at% in 
Sonogashira-SWCNTs to 2.2 at% in crosscoupled-SWCNTs (Figure 4-11 (a)).  The 
concentration of Si from 1-(trimethylsilyl)-2-phenylacetylene  is calculated using a Si 
concentration of 2.8% to ignore CuO and Cu2O species.  These species were ignored 
as they are part of the contamination of the sample.  Note: the 2.8 at% of Si 
corresponds to the Si concentration assuming no Cu and O, as these elements are part 
of CuO and Cu2O not eliminated after washing.   
For crosscoupled-SWCNTs (Figure 4-11 (b)), the comparison of the Si2p peaks, 
before and after cross-coupling, showed that the proportion of Si from the 1-
(trimethylsilyl)-2-phenylacetylene decreased by 92.1% to reach 0.1 at% in 
crosscoupled-SWCNTs.  
The concentration of Si, from the 1-(trimethylsilyl)-2-phenylacetylene grafted 
molecules, dropped from 1.8 at% in Sonogashira-SWCNTs, to 0.3 at% in 
homocoupled-SWCNTs.  This corresponds to a diminution of 81.3% of Si 
concentration resulting from the homo-coupling.  The reduction of Si from 1-
(trimethylsilyl)-2-phenylacetylene was expected, as two trimethylsilyl groups were 
removed to create carbon-carbon bonds needed for the homo-coupling.  The 
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reduction of the Si concentration added to the absence of SWCNT-Ph-CºC-Cu 
intermediate, suggests that the homo-coupling had effectively occurred, and 1,2-
diphenyldiacetylenes bridges were created between SWCNTs.  The homocoupled-
SWCNTs were contaminated by CuO and Cu2O, which had not been removed by 
successive washings in organic solvents.   
The concentration of the Si attributed to the 1-(trimethylsilyl)-2-phenylacetylene  
moieties decreased by 92.6% after cross-coupling, to reach 0.1 at% in crosscoupled-
SWCNTs.  The decrease of the iodine concentration, reported after the cross-
coupling and homo-coupling reactions, brought further evidence supporting the 
covalent bridging of the SWCNTs.  After the cross-coupling performed under 
nitrogen atmosphere, the Cu catalyst was eliminated by the washing process.  This 
was not the case after the homo-coupling, which was carried out under air.  The high 
level of Cu in homocoupled-SWCNTs was explained by the presence of CuO and 
Cu2O, which were created due to the air atmosphere required for the homo-coupling.  
The Si concentrations decreased by 92.6% and 81.3% after the cross-coupling and 
the homo-coupling, respectively.  This indicates a higher yield obtained for cross-
coupling reaction.  This difference is explained by the iodobenzene moieties which 
were in excess, compared to the 1-(trimethylsilyl)-2-phenylacetylene moieties, as a 
result of the use of iodobenzene-SWCNTs as precursors for the cross-coupling.  
Therefore, more of the 1-(trimethylsilyl)-2-phenylacetylene moieties reacted with the  
iodobemzene groups (cross-coupling) than with itself (in homo-coupling).   
 
4.4  Electrical characterisation of covalent organic 
molecular bridged SWCNT networks 
4.4.1  Current-voltage characteristics of molecular 
bridged SWCNT networks 
Networks of molecular bridged SWCNTs were fabricated using dispersions of 2, 5, 
10 and 20 ml of SWCNTs in DMF (1:10 mg/ml).  These dispersions were filtered on 
a nylon membrane 0.2 µm pore size using a filtration device, 25 mm in diameter.  
Figure 4-12 displays the I-V characteristics of the molecular bridged SWCNT 
networks from -10 to 10 V at room temperature, with electrode separation of 50 mm.   
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Figure 4-12 I-V characteristics of molecular bridged SWCNT networks at room temperature 
 
Figure 4-12 shows that the Ullmann-SWCNT network fabricated with 2 ml of 
dispersion is insulating.  While the Ullmann-SWCNT network produced with 5 ml of 
SWCNT dispersion displays an electrical behaviour, networks fabricated with 5 ml 
of homocoupled-SWCNT and crosscoupled-SWCNT are insulating.  However, for 
10 and 20 ml networks, the Ullmann-SWCNT networks display a lower current 
intensity than the homocoupled-SWCNT and crosscoupled-SWCNT networks.  The 
concentrations obtained from the adsorption spectra suggest that higher current 
intensities should have been found for homocoupled-SWCNT networks as a result of 
their higher solubility.  Homocoupled-SWCNTs displayed similar solubility to 
Sonogashira-SWCNTs but their 5 ml networks are insulating.  This suggests that the 
behaviour of the 5 ml Sonogashira-SWCNT network in Figure 3-22 is explained by 
the non homogeneity of the network, which led to an absence of percolation path, as 
it was the case for the Sonogashira-SWCNT network fabricated with 2 ml of 
SWCNT dispersion (see section 3.7.1).  The I-V characteristics of the molecular 
bridged SWCNT networks have symmetrical trends, as expected from the junctions 
between the SWCNT networks and the electrodes.  The evolution of the current with 
the filtered volume is shown in Figure 4-13. 
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Figure 4-13 Current versus filtered volume plots for Ullmann-SWCNT networks at 1, 5 and 10 V 
 
Figure 4-13 shows that the variation of the current with the filtered volume is 
analogous to that of Sonogashira-SWCNT networks.  The concentration of Ullmann-
SWCNTs and Sonogashira-SWCNTs in DMF are 4.2 mg/L and 4.7 mg/L, 
respectively.  This indicates that the solubility of Ullmann-SWCNTs and 
Sonogashira-SWCNTs are about the same.  Thus, the explanation given for the  
current levels in Sonogashira-SWCNT networks (section 3.6.2) is also valid here.  
The 5 ml networks are also expected to be non homogenous and as a result, these 
networks should exhibit an insulating behaviour due to the absence of conductive 
percolation path for 50 µm of electrode separation.  Consequently, the I-T 
characteristics measurements were only carried out for the 10 and 20 ml Ullmann-
SWCNT networks.  
 
4.4.2  Current-temperature characteristics of 
molecular bridged SWCNT networks 
Figure 4-14 shows the I-T characteristics from 100 to 350 K at 0.5, 1, 5 and 10 V for 
molecular bridged SWCNT networks made by filtrating 10 ml of SWCNT dispersions.  
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Figure 4-14 I-T characteristics in 10 ml networks of molecular bridged SWCNTs 
 
Figure 4-14 shows that current of the 10 ml molecular bridged SWCNT networks 
decreases as the temperature is reduced.  The I-T characteristics were fitted according 
to equation 3-3 and the values of the x0 fitting parameters are given in Table 4-9. 
Voltage  
(V) 
Bridged SWCNT networks  
Homocoupled Crosscoupled Ullmann 
0.5xvii 122±10 105±15 98±8 
1 124±11 111±17 109±11 
5 139±13 132±23 121±12 
10 144±14 103±16 138±13 
Table 4-9 Values of x0 fitting parameters in 10 ml networks of molecular bridged SWCNTs 
 
The high values of the x0 parameters suggest a weak temperature dependence of the 
current measured in the molecular bridged SWCNT networks.  In the following, I-V 
and I-T characteristics are detailed for each molecular bridged SWCNT network in 
order to identify the dominant conduction mechanism across these networks.  The 
same analysis method used to identify the conduction in Sonogashira-SWCNT 
networks is employed here. 
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4.4.3  Conduction mechanisms in bridged SWCNT networks 
This section investigates the dominant conduction model governing the electronic 
transport across networks of SWCNTs covalently bridged by conjugated molecules.  
The analysis was conducted according to the method used to identify the conduction 
model across SWCNT precursor networks.  The current-temperature characteristics of 
covalently bridged SWCNT networks were measured within the same temperature 
range as in SWCNT precursor networks.  The donor-acceptor hopping model is invalid 
within this temperature range (100-350 K) as stated in section 3.7.4.2.  Thus, this 
model was discounted in this analysis.  The electrical characteristics of the covalently 
bridged SWCNT were also analysed according to the VRH model.  These stud ies led 
to the same results as for the SWCNT precursor networks (see Appendix C).  
 
( )ln I versus T  plots of the I-T characteristics (not shown here) were used to find 
the constant A of equation 3-12.  Then, the values of A for each bridged SWCNT 
network shown in Table 4-10 were integrated into equation 3-12 for the fittings of 
both I-V and I-T plots.   
Network  Filtered volume  
(ml) 
Constant A values 
Homocoupled-
SWCNTs 
10 0.011 
20 0.006 
Crosscoupled-
SWCNTs 
10 0.009 
20 0.009 
Ullmann-SWCNTs 
10 0.01 
20 0.008 
Table 4-10 Values of constant A for 10 and 20 ml networks of bridged SWCNTs 
 
Table 4-10 shows the values of the constant A for 10 and 20 ml bridged SWCNT 
networks, which will be used for the fittings of both I-V and I-T plots.  Figure 4-15 
displays the I-V plots at room temperature with their fittings according to the 
modified quantum tunnelling model for networks of homocoupled-SWCNTs, 
crosscoupled-SWCNTs and Ullmann-SWCNTs. 
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Figure 4-15 I-V characteristics with their fittings according to equation 3-12 for 10 and 20 ml 
networks of (a) homocoupled-SWCNTs, (b) crosscoupled-SWCNTs and (c) Ullmann-SWCNTs 
 
Figure 4-15 shows that good fits of the I-V characteristics were reached using 
equation 3-12 for all bridged SWCNT networks on the whole voltage range. 
Figure 4-16 displays the I-T plots at 0.5, 1, 5 and 10 V with their fittings according 
to equation 3-12 for the 10 and 20 ml networks of homocoupled-SWCNTs, 
crosscoupled-SWCNTs and Ullmann-SWCNTs. 
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Figure 4-16 I-T characteristics at 0.5, 1, 5 and 10 V with their fittings according to eq. 3-12 for 10 
and 20 ml of (a) homocoupled-SWCNTs, (b) crosscoupled-SWCNTs and (c) Ullmann-SWCNTs 
 
Figure 4-16 shows that good fits of equation 3-12 were reached for the I-T 
characteristics of all bridged SWCNT networks.  This indicates that the conduction is  
dominated by quantum tunnelling.  Figure 4-16 (a) shows that, between 330 and 350 
K, the I-T plots for the 10 ml network at 10 V slightly deviate from the fitting plot.  
Similar deviation occurs from 260 K on the 10 V plot of the 20 ml homocoupled-
SWCNT network.  Equation 3-12 leads to good fits for both I-V and I-T 
characteristics.  Following the analysis in section 3.5.6.4, these results indicate that 
quantum tunnelling govern the conduction mechanisms across all covalently bridged 
SWCNT networks.  This was expected, given that the I-V and I-T plots of bridged 
SWCNT networks follow similar trends than those of SWCNT precursor networks.   
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4.4.4  Discussion on bridged SWCNTs 
A modified version of the Sonogashira reaction was used to create carbon-carbon 
bonds from the homo-coupling of two silyl groups (see Figure 4-1).  This homo-
coupling reaction presents two advantages: the bridging of SWCNTs occurs in DMF 
and no activator of the reaction is required255.  The UV-visible-near IR analysis was 
inconclusive on determining whether or not the bridging occurred.  However, XPS 
analysis suggested that the homo-coupling was successful.  In fact, the XPS analysis 
established that the relative concentration of silicon from the 1-(trimethylsilyl)-2-
phenylacetylene moieties decreased by 82.1% to reach 0.3 at%. in homocoupled-
SWCNTs.  The high atomic concentrations of Cu and O after homo-coupling were 
attributed to CuO and Cu2O.  Overall, the data provided by the analyses of the 
homocoupled-SWCNTs suggests that the bridging of the SWCNTs with 1,2-
diphenyladicetylene molecules occurred.   
The cross-coupling of silyl and aryl groups from the SWCNT precursors created 1,2 
diphenylacetylene bridges, according to the reaction scheme shown in Figure 4-2.  
These crosscoupled-SWCNTs displayed an absorption spectrum clearly different 
than the spectra of Sonogashira-SWCNTs and iodobenzene-SWCNT.  XPS analysis 
carried out on crosscoupled-SWCNTs established that after the cross-coupling 
reaction, the silicon concentration from the 1-(trimethylsilyl)-2-phenylacetylene  
moieties fell by 92.6% to reach 0.1 at% in crosscoupled-SWCNTs.  The relative 
iodine concentration obtained in the crosscoupled-SWCNTs was shown to be lower 
than in Sonogashira-SWCNTs and iodobenzene-SWCNTs.  This indirect evidence 
suggests that 1,2 diphenylacetylene molecules bridge the SWCNTs. 
SWCNTs were also bridged by biaryls molecules via Ullmann reaction according to 
the scheme presented in Figure 4-3.  Absorption spectra showed that the solubility of 
the SWCNTs decreased after Ullmann reaction.  XPS analysis performed on the 
Ullmann-SWCNTs established that the reaction causes the amount of iodine to drop 
from 2.5 at%. to 0.2 at%.   
 
The electrical characterisations of the homocoupled-SWCNT, crosscoupled-SWCNT 
and Ullmann-SWCNT networks were carried out under conditions identical to those 
used for the SWCNT precursor networks.  Good fittings of both I-V and I-T 
characteristics were obtained using the modified quantum tunnelling model proposed 
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in section 3.7.  Consequently, quantum tunnelling was found as the dominant 
conduction mechanism across the bridged SWCNT networks.  The result of a 
conduction dominated by tunnelling mechanisms is further supported by Figure 4-14 
and Table 4-9, where small current variations with the temperature are observed, as 
tunnelling currents are known to display little temperature dependence173.  For thin 
SWCNT networks, a conduction dominated by tunnelling mechanisms would be 
expected, as stated in section 3.7.4119.  The study of electrical characteristics of 
bridged SWCNTs networks led to the same conclusion as for the SWCNT precursor 
networks.  Thus, the presence of these molecules, covalently bridging the SWCNTs 
in the networks, does not alter the conduction mechanisms.  
 
4.5  Conclusion 
Interconnecting carbon nanotubes with molecules was shown to improve their 
interaction so that better mechanical and electrical properties are expected248,267.  In 
this chapter, iodobenzene-SWCNTs and Sonogashira-SWCNTs precursors were 
coupled to create organic molecular bridges between SWCNTs.  Modified 
Sonogashira couplings were used to perform homo-couplings and cross-couplings 
with the Sonogashira-SWCNTs, and Ullmann coupling was used for the homo-
coupling of iodobenzene-SWCNTs.  1,2-phenyl diacetylene, 1,2-phenyl acetylene  
and biaryls were created, as molecular linkers between SWCNTs, following the 
homo-coupling of Sonogashira-SWCNTs, the cross-coupling of iodobenzene-
SWCNTs with Sonogashira-SWCNTs and the Ullmann-coupling of iodobenzene-
SWCNTs, respectively.  Given that the coupling occurred on the functional groups, 
the use of Raman and UV-visible-near IR spectroscopies to monitor changes on the 
SWCNTs was irrelevant.  These spectroscopies are used to detect changes in the 
SWCNT structure so their structures are not affected by the subsequent coupling on 
the functional groups.  The fact that these spectroscopies were inadequate made 
difficult the characterisation of the bridged-SWCNTs, as the bridges are organic 
molecules.  Thus, indirect evidence (XPS and absorption spectra) suggested that 
SWCNT bridging occurred for all couplings.  This conclusion was essentially based 
on the study of Si and I concentrations.  XPS analysis showed a maximum of 1.6 at% 
of carbon in crosscoupled-SWCNTs contributes to the bridging.  This proportion 
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decreases to 1.2 at% and 0.7 at% in Ullmann-SWCNTs and homocoupled-SWCNTs, 
respectively.  Small amounts of these covalent bridges are presented in the SWCNTs, 
as expected from the low functionalisation level following the radical addition.  
Different approaches, where both extremities of molecules were simultaneously 
bonded to SWCNTs, were reported to covalently bridge SWCNTs248,253-254.  Contrary 
to the methods reported, the work presented in this chapter relies on organometallic 
couplings with an intermediate step, which helps to attest by spectroscopy the 
success of the bridging.  In this case, the bridging of SWCNTs occurs when carbon-
carbon bonds are created between two functionalised groups. 
 
The conjugated molecular bridges add another type of junction between SWCNTs.  
These junctions are represented in small amounts; equivalent to around 1 at% of C 
atoms.  Networks of homocoupled-SWCNTs, crosscoupled-SWCNTs and Ullmann-
SWCNTs were prepared by filtration where SWCNT dispersions are filtered on 
nylon membranes (see section 3.2).   
Electrical characteristics from measurements carried out with 50 mm electrode 
separation were studied, to determine the dominant conduction mechanism in these 
networks.  The characteristics were analysed according to the method used in section 
3.7 where both current-voltage and current-temperature measurements were exploited.  
The quantum tunnelling model242 provided pretty good fits of the I-V characteristics.  
Nonetheless, it is an intuitively modified expression of this model which described best 
both the I-V and I-T characteristics.  Thus, quantum tunnelling was identified as the 
mechanism governing the electronic conduction across these four types of bridged 
SWCNT networks.  The possibility of VRH mechanisms occurring in parallel could 
not be totally discounted, particularly within the high temperature range, where 
deviations for the I-T plot fitting were observed.  It is expected that the probability for 
hopping mechanisms to occur increases at higher temperature as hopping is known to 
be a thermally activated transfer179.  In addition, the temperature dependence of the 
electrical conductivity in MWCNT bulk materials showed that the conduction 
followed a heterogeneous model of both fluctuation-assisted tunnelling and VRH in 
the 328-958°K temperature range268.  Thus, it is suggested that the small deviations of 
plots from the fitting lines in the 310-350 K temperature range are explained by a 
higher occurrence of VRH in this temperature range.    
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The results of the electrical characteristics analysis of the organic molecular bridged 
SWCNT networks are consistent with those obtained for SWCNT precursor 
networks in Chapter 3.  This indicates that the presence of conductive molecular 
bridges between some SWCNTs, does not affect the conduction mechanism across 
SWCNT networks.   
This can be explained by three reasons:  
1) the bonds created between the SWCNTs and the conductive bridges block 
charges, therefore they do not facilitate the charge transport 
2) compared to the nanotube-nanotube junctions, the molecular bridges 
junctions have less charge transfer capability 
3) there is no continuous bridged SWCNT network which extends across the 50 
mm electrode separation, as a result of a low level of SWCNT 
functionalisation.  
 
4.6  Summary 
This chapter dealt with the fabrication and electrical study of organic molecular 
bridged SWCNTs.  SWCNT precursors were bridged via carbon-carbon bonds 
created by modified Sonogashira couplings and Ullmann couplings.  This contrasts 
with the diamide approach usually employed to bridge the SWCNTs.  In previously 
reported work, the SWCNT bridging was assessed by microscopic analyses, as 
demonstrating the simultaneous bonding of both extremities of diamide molecules 
with nanotubes is not possible.  Here, indirect evidence provided by spectroscopic 
analyses support the presence of 1,2-phenylacetylene, 1,2-phenyldiacetylene and 
biaryls as molecular bridged.   
A modified quantum tunnelling model was found to best describe the electrical 
characteristics of all molecularly bridged SWCNT networks.  However, the 
occurrence of VRH mechanisms cannot be discounted, particularly for high 
temperatures.  These results are the same as those found for the SWCNT precursor 
networks.  Thus, the presence of such molecular bridges between SWCNTs does not 
affect the conduction mechanism across the SWCNT networks. 
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Chapter 5  
Platinum-enriched SWCNT networks  
 
 
5.1  Introduction 
Metallic functionalisation of nanotubes was achieved by employing both non 
covalent269 and covalent270-271 methods for applications such as hydrogen storage272, 
nanowire actuators273, glucose sensors274 and proton exchange membrane fuel 
cells275.  The fabrication of nanocomposite networks of SWCNT/Pt nanoparticles 
were also demonstrated but their charge transport was not analysed276.   
In this chapter, efforts were focused on coordinating Pt with pyridine-SWCNTs.  An 
attempt to bridge two SWCNTs with Pt via pyridine ligands is also discussed.  The 
electronic conduction across Pt-SWCNTs networks was subsequently identified from 
the combined study of their I-V and I-T characteristics.  
 
5.2  Principle  
Lewis adducts are created between pyridine (Lewis base) and metal (Lewis acid) by 
the formation of coordinate covalent bonds, using the nitrogen’s lone pairs.  
Pyridine-SWCNTs constituted the system ligand-SWCNTs and were coordinated to 
the Pt.  The scheme of the reaction is shown in Figure 5-1. 
N2 x Pt(DMSO)2Cl2 N NPt
Cl
Cl
2 DMSO
 
Figure 5-1 Scheme of the coordination of Pt with pyridine-SWCNTs to form Pt-SWCNTs 
 
During the coordination, the amount of Pt was limited to about half of the quantity of 
N from pyridine to avoid saturating pyridine groups with Pt and achieve the Pt-
bridging of pyridine-SWCNTs. 
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5.3  Characterization of Pt-SWCNTs 
5.3.1  UV-visible-near IR spectroscopy 
Absorption spectra recorded before and after Pt coordination are displayed in Figure 5-2.  
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Figure 5-2 Absorption spectra normalised at 300 nm of saturated dispersions in DMF of 
pyridine-SWCNTs and Pt-SWCNTs  
 
The absorption profile found after the coupling reaction is different than that found 
before reaction.  Table 5-1 displays the concentrations at 500 nm (using equation 3-1) 
of dispersions of Pt-SWCNTs and its pyridine-SWCNT precursors in DMF.   
 Pyridine-
SWCNTs 
Pt-SWCNTs 
Concentration at 
500 nm (mg/L) 6 5 
Table 5-1 Concentrations of oversaturated dispersions of pyridine-SWCNTs and Pt-SWCNTs 
 
Table 5-1 shows a reduction of solubility of the SWCNTs as a result of the Pt 
coordination.   
 
5.3.2  ICP spectroscopy 
Inductively coupled plasma (ICP) spectroscopy attests to the presence of Pt in the Pt-
SWCNTs.  The Pt level in Pt-SWCNTs was typically 3.1%wt.  As a control reaction, 
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methyl-1-pyridine-SWCNTs were mixed with Pt.  The presence of the methyl group 
bonded to the nitrogen of the pyridine moieties is known to neutralise the lone pair of 
the nitrogen atom.  Thus, traces of Pt were expected for the control sample.  
However, the Pt weight concentration in methyl-1-pyridine-SWCNTs yielded 
3.4%wt.  Similar quantities of Pt were obtained for the control reaction.  This 
indicates that the presence of Pt in the SWCNTs does not only result from the 
coordination of Pt with the pyridine groups.  Thus, the ICP spectroscopy data 
suggests that Pt is either adsorbed on the SWCNTs or coordinated with other groups 
grafted on the SWCNTs surface.  In Chapter 3, Table 3-9 indicated the presence of 
pyridinium and nitrosopyridine groups on the pyridine-SWCNTs.  For the 
pyridinium, the H bonded to the N does not allow the coordination.  However, for the 
nitroso groups, the two lone pairs of O suggest that nitrosopyridine groups can also 
coordinate with the Pt.   
 
5.3.3  XPS analysis 
XPS spectra of the Pt-SWCNTs were recorded after Ar+ etching of the surface at 3 
kV for 30 s. The C1s, O1s, N1s and Pt4f XPS spectra in pyridine-SWCNTs and Pt-
SWCNTs are displayed in Figure 5-3.   
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Figure 5-3 C1s, O1s, N1s and Pt4f XPS spectra in pyridine-SWCNTs and Pt-SWCNTs 
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Figure 5-3 shows that the C1s spectrum did not change and the Pt4f spectrum 
appeared in the Pt-SWCNTs as expected.  Changes in the O1s and N1s spectra are 
both visible.  After coordination, the low energy contribution disappeared in the O1s 
spectrum.  In the N1s spectrum of Pt-SWCNTs, the ‘shoulder’, already present in the 
N1s spectrum in pyridine-SWCNTs, became a separate band, moreover, a new 
component appeared at low energy.  Atomic concentrations, binding energies and 
FWHM of the elements identified in Pt-SWCNTs are grouped in Table 5-2. 
Elements Concentration ( at%) 
BE 
(eV) 
FWHM 
(eV) 
C1s 94.4 284.6 1.1 
O1s 2.6 532.6 2.7 
N1s 1.5 399.2 2.7 
Cl2p 0.8 200 3.1 
Pt4f 0.7 72.5 1.9 
Table 5-2 Relative atomic concentration of the elements present in Pt-SWCNTs 
 
The proportion of N from the pyridine groups in Pt-SWCNTs is considered the same 
as its proportion in pyridine-SWCNTs: 43.5% (see Table 3-6).  Thus, the 
concentration of N from pyridine groups in Pt-SWCNTs is estimated at 0.7 at%.  
Table 5-2 shows that in Pt-SWCNTs, the concentrations of Pt and N from pyridine are 
the same.  Detailed analysis of the XPS spectra of Pt4f, N1s and O1s are available below.   
 
Figure 5-4 Pt4f XPS spectrum in Pt-SWCNTs 
 
The main parameters of Pt1 and Pt2 components are grouped in Table 5-3.  
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Component Area Binding 
energy (eV) 
FWHM 
(eV) 
Concentration 
( at%) 
Groups 
Pt1 
(Pt4f7/2) 
10.8 72.7 1.8 53.1 Pt®O
277 
Pt®N278 
Pt2 
(Pt4f5/2) 9.5 76.0 2.1 46.9 - 
Table 5-3 M ain parameters of Pt1 and Pt2 components 
 
Figure 5-4 displays the Pt4f XPS spectrum in Pt-SWCNTs and shows a well defined 
doublet of the Pt4f spectrum.  Given the wide range of binding energies reported for 
Pt4f in presence of Cl, O and N ligands278, it was not possible to assign confidently, 
the binding energy of Pt4f to coordination with O or N from the Pt4f spectrum.  
Figure 5-5 displays the N1s XPS spectrum in Pt-SWCNTs. 
c) 
Figure 5-5 N1s XPS spectrum in Pt-SWCNTs 
 
Figure 5-5 shows good fits of the N1s spectrum using 5 components.  Note that the 
binding energies of components N1 to N4 were constrained to ± 0.1 eV of the ir 
binding energies in pyridine-SWCNTs (see Table 3-6).  Table 5-4 displays the main 
parameters of the components of the N1s spectrum.  
Component Area BE 
(eV) 
FWHM 
(eV) 
Conc.  
( at%) 
Groups 
N1 1.2 399.1 1 21.2 Pyridine229 
N2 1.6 400.1 1.4 28.9 Pyridinium229 
N3 1.3 400.9 2.1 23.4 Nitrosopyridine230 
N4 0.6 403.8 2.6 11.3 Adsorbed N2 231 
N5 0.8 398.4 1.4 15.3 N-Pt bond279 
Table 5-4 Main parameters of the components of N1s spectrum 
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Table 5-4 shows that only 0.6 at% of N from the pyridine moieties were available in 
the Pt-SWCNTs compared to the 0.8 at% expected from the XPS analysis in section 
3.5.4.2.  This difference is attributed to local variations in the surface samples.  
According to Table 5-4, 42% of N from pyridine moieties coordinated with the Pt.  
This corresponds to 0.2 at% of N-Pt bonds.  Less than half of the  pyridine moieties 
coordinated with the Pt, indicating that the coordination was not completed.  Table 5-
2 showed that Pt-SWCNTs contained 0.7 at% of Pt.  However, only 34.9% of the Pt 
coordinated with the pyridine moieties.  This confirms the results obtained from the 
ICP spectroscopy, which showed that the presence of Pt in the Pt-SWCNTs was not 
only due to the coordination with pyridine moieties.  The low level of coordination 
also suggests that Pt bridges were not formed.  Figure 5-6 displays the O1s XPS 
spectra for pyridine-SWCNTs and Pt-SWCNTs. 
 (a) 
 (b) 
Figure 5-6 O1s XPS spectrum in (a) pyridine-SWCNTs and (b) Pt-SWCNTs 
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Figure 5-6 (b) shows that the O1s spectrum was fitted using three components where 
O1 and O2 were constrained to ±0.2 eV xviii of the binding energy and FWHM in 
pyridine-SWCNTs.  The profile of the O1s band noticeably changed after Pt exposure 
and a good fit required the addition of a new component O3 indicating a change after 
exposure to Pt.  Table 5-5 displays the parameters of the O1s spectra’s components.  
Components Area BE  
(eV) 
FWHM 
(eV) 
Conc 
 ( at%) 
Groups 
Pyridine-
SWCNTs 
O1 2.7 530.2 1.1 15.0 O-Fe280-281 
O2 15.2 532.5 2.7 85 N2O282 
Pt-SWCNTs 
O1 0.2 530 1xix 1.0 O-Fe280-281 
O2 14 532.6 2.8 93.8 N2O282 
O3 0.8 536 1.6 5.2 
Adsorbed H2O283 
Carbonate 
complexes284 
Table 5-5 O1s components in pyridine-SWCNTs and Pt-SWCNTs  
 
The O1 component found in pyridine-SWCNTs is believed to be residues of iron 
catalyst oxidised during the purification process.  The O2 component was attributed 
to nitroso groups.  This was expected as nitrosopyridine groups were detected by 
TGA-MS (see section 3.5.5).  The binding energy of the O3 component does not 
correspond to the binding energies reported for O-Pt bonds at about 528.8285 or 531.9 
eV277.  Adsorbed H2O was identified as a possible chemical environment for the O3 
component.  Thus, O1s spectra showed that O-Pt bonds were not created after Pt 
exposure.  This eliminates any possibility of coordination of the Pt with 
nitrosopyridine, as suggested in section 5.3.2.  Thus, most of the Pt (0.4 at%) in Pt-
SWCNTs is adsorbed on the SWCNTs. 
 
Pt-N bonds detected in Pt-SWCNTs showed that the coordination of the Pt to the 
pyridine-SWCNT is possible despite a low yield.  The low concentration of Pt-N 
bonds in Pt-SWCNTs suggests that it is unlikely that Pt bridges were built between 
SWCNTs.  The N1s and O1s XPS spectra analyses indicated that most of the Pt (0.4 
at%) is adsorbed on the SWCNTs rather than coordinated to the pyridine moieties.  
These results confirm the ICP spectroscopy analysis, which showed that the same 
                                                 
xviii Resolution of the X-ray photoelectron spectrometer 
xix Minimum FWHM restricted to 1 eV 
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amount of Pt was detected for the control reaction.  Thus, rather than bridging 
pyridine-SWCNTs, one Pt coordinated with one pyridine as described by the scheme 
in Figure 5-7.   
N Pt(DMSO)2Cl2 N Pt
Cl
Cl
OH 2 DMSO
 
Figure 5-7 Scheme of actual Pt coordination with pyridine-SWCNT 
 
Although the Pt-SWCNTs do not contain bridged SWCNTs, the presence of Pt 
enriches the SWCNTs.  It is possible for the Pt enriching the SWCNT networks to 
create localised states whose presence can influence the conduction mechanisms.  
For instance, the electrical study of SWCNT LbL networks (see Chapter 2) revealed 
that the ionic surfactants introduced traps, which induced a Poole-Frenkel conduction 
mechanism.  Thus, the electrical characteristics of Pt-SWCNTs networks were 
studied to identify their conduction mechanism. 
 
5.4  Electrical characterization of Pt-SWCNT networks 
Networks of Pt-SWCNTs were fabricated by filtering 2, 5 and 10 ml of the 
supernatant of Pt-SWCNT dispersion (1:10 mg/ml) in DMF on a nylon membrane.  
Electrical characteristics of the Pt-SWCNT networks were measured, in a ±10 V 
voltage range and 100-350 K temperature range, using Ti/Au electrodes with 50 µm 
of electrode separation deposited on top of the network using a shadow mask.   
 
5.4.1  Current-voltage characteristics 
I-V characteristics of Pt-SWCNT networks at room temperature are presented in 
Figure 5-8 using the electrode configuration mentioned above.   
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Figure 5-8 I-V characteristics at room temperature for 2, 5 and 10 ml Pt-SWCNT networks 
 
Figure 5-8 shows that the reverse and forward I-V characteristics are symmetrical in 
the range of ± 10 V as expected.  The current network thickness characteristics at 1, 
5 and 10 V are extracted from these plots and displayed in Figure 5-9.    
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Figure 5-9 Current versus filtered volume plots at 1, 5 and 10 V for Pt-SWCNT networks 
 
Figure 5-9 shows that the current versus filtered volume characteristics of the Pt-
SWCNT networks were well fitted by linear equation 5-1. 
BAxy +=          (5-1) 
 
The linear behaviour of the current versus network thickness characteristics, 
observed for Pt-SWCNT networks, contrast with those of pyridine-SWCNT 
networks, which displayed an asymptotic behaviour (see Figure 3-20 (b)).   
 
5.4.2  Current-temperature characteristics 
The temperature dependence of the current was extracted from the I-V measurements.  
Figure 5-10 displays I-T characteristics at 0.5, 1, 5 and 10 V. 
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Figure 5-10 I-T characteristics at 0.5, 1, 5 and 10 V for Pt-SWCNT network fabricated with 
dispersions of (a) 2 ml (b) 5 ml and (c) 10 ml 
 
Figure 5-10 shows that the current decreases with the temperature for all voltages.  
The fitting parameter x0 for the I-T plots of 2, 5 and 10 ml Pt-SWCNT networks are 
grouped in Table 5-6. 
Voltage  
(V) 
x0 fitting parameter 
2 ml 5 ml 10 ml 
0.5 187 1042 504 
1 187 1116 532 
5 189 509 433 
10 132 695 433 
Table 5-6 x0 fitting parameters for I-T plots of 2, 5 and 10 ml Pt-SWCNT networks 
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The high values of x0 fitting parameters shown in Table 5-6 indicate a small current 
dependence on the temperature.  This is similar to the I-T plots fitted in Chapters 3 and 4.  
This therefore suggests that tunnelling mechanisms govern the conduction.  
 
5.4.3  Conduction mechanism in Pt-SWCNT networks 
The current dependence on the temperature and voltage were used to identify the 
dominant conduction in the Pt-SWCNT networks.  The electrical characteristics of 
Pt-SWCNT networks were measured within the same temperature and voltage range 
as in SWCNT precursor and bridged SWCNT networks.  These characteristics were 
both plotted, according to the analytical expressions of the donor-acceptor hopping 
and VRH models in Appendix D.  The analyses conducted for these models resulted 
in the conclusions stated in section 3.7.4.2, so both models were discounted.  This 
section presents the analysis conducted according to the modified quantum 
tunnelling mechanism proposed in Chapter 3.   
Values of A  for each network shown in Table 5-7 are integrated into equation 3-12 
for the fittings of I-V and I-T plots.   
Filtered volume 
(ml) 
Constant A values 
2 0.007 
5 0.006 
10 0.007 
Table 5-7 Values of constant A for Pt-SWCNT networks 
 
Figure 5-11 displays the I-V characteristics of Pt-SWCNT networks fitted according 
to equation 3-12. 
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Figure 5-11 Room temperature I-V characteristics of 2, 5 and 10 ml Pt-SWCNT networks 
fitted according to equation 3-12 
 
Figure 5-11 shows that good fits of the characteristics using equation 3-12 were 
obtained on the entire voltage range for all Pt-SWCNT networks.  Figure 5-12 
displays the I-T characteristics for 2, 5 and 10 ml Pt-SWCNT networks fitted 
according to equation 3-12.   
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Figure 5-12 I-T characteristics fitted with equation 3-12 for (a) 2 ml, (b) 5 ml and (c) 10 ml 
Pt-SWCNT networks 
 
Figure 5-12 shows acceptable fits of the I-T characteristics from 100 to 350 K.  
Deviations from the fitting plots are observed in the high temperature range.  These 
deviations are explained by the VRH, which has a higher probability to occur as 
more carriers are thermally activated179.   
  
Both I-V and I-T characteristics displayed good fittings of equation 3-12, which 
suggests that the conduction across the Pt-SWCNT networks is governed by quantum 
tunnelling.  This result was expected, as the XPS analysis showed that Pt bridges 
were not created between the pyridine-SWCNT precursors whose conduction is also 
dominated by quantum tunnelling. 
The occurrence of VRH in parallel to this dominant conduction cannot however be 
dismissed.  Deviations from the quantum tunnelling mechanism fits are observed in the 
high temperature range similarly to homocoupled-SWCNT networks.  A 
heterogeneous model based on tunnelling and VRH was shown to govern the 
conduction in MWCNT bulk materials in the 328-958 K temperature range268.  It is 
suggested that the deviations from the fitting curves are explained by a higher 
occurrence of VRH in this temperature range.  However, the good fits obtained for the 
I-V characteristics indicate that the quantum tunnelling mechanism remains dominant.  
 
5.5  Discussion/Conclusion 
Platinum was coordinated with the pyridine groups of pyridine-SWCNTs.  The 
presence of Pt in the SWCNT sample was attested by ICP analysis.  The ICP analysis 
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also revealed that the control reaction, where the pyridine ligands were neutralised, 
yielded similar concentration levels of Pt.  The XPS analysis indicated that only 34.9% 
of Pt in Pt-SWCNTs was coordinated with the pyridine moieties, and adsorbed Pt 
was present in larger quantities than coordinated Pt.  This explained the large amount 
of Pt found in the control reaction product as Pt adsorbed on the SWCNTs.  The 
small quantity of Pt-N bonds present in Pt-SWCNTs, according to the XPS analysis, 
suggests that it is unlikely that any Pt bridges were built between nanotubes.  Instead, 
the coordination enriched the SWCNTs with Pt, and as a result the Pt added metallic 
impurities to the SWCNT networks.   
The small number of Pt coordinated with the pyridine moieties is partially explained by 
the coordination procedure used.  In order to create Pt-bridged SWCNTs, an amount of 
Pt corresponding to about half of the estimated pyridine group concentration was added 
for the coordination.  However, the low yield of Pt coordination suggests that Pt bridges 
were not formed between the SWCNTs.  Therefore, it is expected that increasing the 
amount of Pt(DMSO)2Cl2 reactant will augment the Pt coordination yield. 
The linear current versus network thickness characteristics of Pt-SWCNT networks, 
differs from those of pyridine-SWCNT networks which displayed an asymptotic 
behaviour.  The reason for this difference is yet not understood.  I-V and I-T 
measurements of the Pt-SWCNT networks displayed similar results than the previous 
networks.  A combined analysis of the I-V and I-T characteristics indicated that the 
conduction was governed by quantum tunnelling.  The Pt introduced metallic 
impurities in the SWCNT networks but it is suggested that these impurities did not 
impact on the electrical behaviour of the Pt-SWCNT networks.  This result was 
expected given the low Pt concentration and the absence of Pt bridges between the 
SWCNTs.  Thus, Pt-SWCNT networks displayed the same conduction mechanism as 
their precursors; the pyridine-SWCNT (see Appendix B.2).  The sheet resistance of 
SWCNT/Pt nanoparticles nanocomposite networks was shown to decrease with the 
increase of Pt276.  Thus, it is expected that the increase of Pt in the Pt-SWCNT 
networks will also lead to a diminution of their sheet resistivity.  The electrical 
conductivities of the 10 ml networks (ca. 40 mm thick) of Pt-SWCNTs and pyridine-
SWCNTs were found to be 7.3´10-4 and 5.5´10-4 S/cm (see Appendix E), 
respectively.  This was expected, as low levels of metallic nanoparticles were found 
to decrease the resistance of MWCNT networks286. 
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5.6  Summary 
This chapter dealt with the Pt coordination with pyridine-SWCNTs.  The presence of 
Pt in the Pt-SWCNTs was attested by ICP spectroscopy.  XPS analysis indicated that 
only 34.9% of the Pt present was coordinated to the pyridine moieties but it is expected 
that this figure should rise by increasing the amount of Pt(DMSO)2Cl2 reactant. 
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Chapter 6  
Experimental details 
 
 
6.1  SWCNTs’ preparation 
6.1.1  SWCNTs’ purification and annealing 
There are impurities present after the SWCNT growth, whatever the production 
process chosen.  These impurities include amorphous carbon, fullerenes, metal 
catalysts or graphitic nanostructures.  The purification technique is generally dictated 
by the nature of the impurities present within the SWCNTs materials.  For the 
experiments described here, commercial purified SWCNTs were bought from 
Thomas Swan (TS-SWCNTs) and from Carbon Nanotechnologies Inc now Unidym.  
The TS-SWCNTs were used only for LbL film fabrication while the SWCNTs from 
Unidym produced by the HiPCO process were used in both LbL films and vacuum 
filtered networks.  Residual ion catalysts embedded in amorphous carbon were the 
impurities found in these purified SWCNTs.  Therefore, a purification step prior to 
all experiments was conducted to improve the quality of the as-received SWCNTs.  
In our case, purifying the nanotubes successively involved:  
· heating in atmosphere to fissure and remove amorphous carbon shells 
· exposure to 6 M of hydrochloric acid to dissolve the metal catalysts 
· washing with high purity water to eliminate the dissolved metal and the acid. 
Note: the TS-SWCNTs were used as received. 
 
6.1.2  Process 
6.1.2.1  Heating 
The SWCNTs were placed in a furnace at 350°C for 3 hours (or 250°C overnight) under 
air.  Amorphous carbon was removed by the thermal oxidation and unfortunately, 
carboxylic acid groups are also created on the nanotubes’ surface69.  After heating, the 
SWCNTs are withdrawn from the furnace and left to cool down to ambient temperature.  
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Figure 6-1 Schematic of a furnace in which SWCNTs are thermally oxidised 
 
6.1.2.2  Acid exposure 
The exposure to acid was done following two methods.  Hydrochloric acid (a non 
oxidizing acid) was always used to avoid further oxidation of the SWCNTs.  Thus, 
SWCNTs were either dispersed in a concentrated solution of hydrochloric acid (6 M 
HCl) or directly put in a glassfibre thimble.   
The SWCNTs were dispersed by ultrasonication in 6 M of HCl and left soaked 
overnight at room temperature to allow dissolving the ion catalysts.   
The second method consisted of a Soxhlet reflux of 6 M of HCl for 3 to 4 days.  A 
thimble of SWCNTs was placed in a Soxhlet extractor and the ion catalyst was 
extracted from the thimble back to the acid bath during the acid reflux.  The 
advantages and drawbacks of both acid exposure methods are provided in Table 6-1. 
Method Advantages Drawbacks 
Bath 
No further contamination 
Risk of shortening the SWCNTs 
during the ultrasonication 
SWCNTs in contact with catalysts 
Quality of process strongly 
dependent on washing 
Longer washing time 
Reflux 
Catalyst extracted from SWCNTs 
as reflux is carried on 
Many acid cycles on SWCNTs  
Washing step only for excess acid  
Shorter washing time 
Big loss of SWCNTs as they stay 
trapped in the thimble 
Risk of fibreglass remaining 
Time consuming method 
Table 6-1 Benefits and downsides of the acidic exposure methods 
 
Air Air 
300°C 
SWCNT
s 
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Following the hydrochloric acid exposure, a washing step was undergone to remove 
the acid from the SWCNTs.  It consisted of rinsing the SWCNTs with deionised water 
until the pH level of the water released after rinsing reached the pH of the deionised 
water (about pH 5.5).  Polycarbonate filter membranes with pores size of 0.22 µm 
were used for the filtration process.  The SWCNTs were then dried at 120°C in a 
vacuum oven.   
 
6.1.2.3  SWCNTs annealing  
Following their purification, the SWCNTs used for the filtered networks were 
annealed overnight at 900°C under dynamic vacuum to consume their defect sites287.  
This process allows the elimination of carboxylic groups created on the surface of the 
SWCNTs during the heating under air.  The vacuum level (mbar) of this annealing 
still allowed the formation of these carboxylic groups.  However, the rate at which 
the carboxylic groups are removed is faster than the rate at which they are created.  
This leads to a reduction of the amount of these groups and the structure of the 
SWCNT is consequently improved.  Figure 3-7 showed that as a result of the 
annealing, the weight loss at 900°C decreases by about 10%wt. 
 
6.1.2.4  Characterisation 
SWCNTs, which were purified and purified then annealed were characterised by 
Raman, UV-visible-near IR spectroscopy along with XPS and TGA-MS.  The results 
from these characterisations are detailed in section 3.4. 
 
6.2  Non covalently functionalised SWCNTs and 
LbL deposition 
6.2.1  Preparation of polyelectrolyte solutions 
Tris buffer solution at 0.01 M was prepared by dissolving Tris buffer in deionised 
water.  HCl solution at 6 M was added drop by drop to reach a pH level of 6.5. 
2´10-2 M of PEI solution was prepared by diluting the PEI into Tris buffer solution. 
2%wt of PSS solution was prepared by dilution of the PSS into Tris buffer solution.  
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6.2.2  Preparation of surfactant solutions 
SDS solutions at 1%wt and DTAB solutions at 0.65%wt were prepared by dissolving 
SDS and DTAB in high purity deionised water, respectively.   
 
6.2.3  Preparation of SWCNT dispersions in 
surfactants 
Dispersions of SWCNTs at 1:4 mg/ml in the respective SDS and DTAB solutions were 
prepared using an ultrasonic probe at 35% power for 5 min with a pulse of 5 sec ON 
and 1 sec OFF.  SWCNT solutions were left to stand for one day before being used. 
 
6.2.4  Preparation of C60 solutions 
1:4 mg/ml solutions of C60 in SDS and in DTAB were prepared following the same 
procedure as the SWCNT dispersions.  The C60 solutions were also left to settle for 
one day before being used. 
 
6.3  Covalently functionalised SWCNTs  
6.3.1  Preparation of SWCNT precursors 
 
6.3.1.1  Iodobenzene-SWCNTs  
The aniline groups are transformed in diazonium group after oxidation by isopentyl 
nitrite.  The reaction happens under N2 atmosphere at 60°C and large excess of 
reactants were used to maximize the yield.   
25 ml of purified then annealed SWCNTs in dichlorobenzene at 3.5 mg/ml were mixed 
with 5 ml of 4- iodoaniline in acetonitrile at 0.2 g/ml.  2 g of isopentyl nitrite was added 
and the mixture was stirred at 60°C under static N2 atmosphere for 3 days.   
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6.3.1.2  Pyridine-SWCNTs  
1.5 ml of NaNO3 in water at 1 g/ml was added to 6 ml of aminopyridine in 4 M HCL 
at 0.17 g/ml.  The temperature was kept below 5°C while the mixture was stirred for 
30 min.  10 ml of purified and annealed SWCNTs in DMF at 2 mg/ml was added 
drop by drop and the mixture was stirred for 4h.  
 
6.3.1.3  Sonogashira-SWCNTs  
10 ml of iodobenzene-SWCNTs in triethylamine at 5 mg/ml was mixed with 750 mg 
of trimethylsalyl acetylene.  0.05 mM of CuI and 0.04 mM of Pd(P(Ph)3Cl)2 catalysts 
were added and the mixture was stirred at 60°C under static N2 atmosphere for 4 days. 
 
6.3.2  Preparation of bridged -SWCNTs 
6.3.2.1  Homocoupled-SWCNTs 
5 ml of dispersion of Sonogashira-SWCNTs in DMF at 6 mg/ml were stirred with 
0.1 mM of CuCl at 60°C under air atmosphere for 5 days. 
 
6.3.2.2  Crosscoupled-SWCNTs 
10 ml of Sonogashira-SWCNTs in DMF at 2 mg/ml were mixed with 10 ml of 
iodobenzene-SWCNTs at 1.5 mg/ml.  0.06 mM of CuCl and 0.05 mM of 
Pd(P(Ph)3Cl)2 were added and the mixture was stirred at 80°C for 5 days. 
 
6.3.2.3  Ullmann-SWCNTs 
16.9 mM of N,N-diethylisopropylamine were added to 20 ml of iodobenzene-
SWCNTs in DMF at 0.5 mg/ml.  17.2 mM of di-m-chlorobis[5-chloro-2-[(4-
chlorophenyl) (hydroxyimino-kN)methyl] phenyl-kC]palladium were added and the 
mixture was stirred at 110°C under static N2 atmosphere for 5 days. 
 
6.3.3  Preparation of Pt-SWCNTs 
3 ml of Pt(DMSO)2Cl2 in methanol at 1.6 mg/ml was added to a reflux of 4 ml of 
pyridine-SWCNTs in methanol at 3.5 mg/ml over 10 days.  Note: Pt(DMSO)2Cl2 
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solution was added by portions of 100 µl (4 times), follower by portions of 200 µl (6 
times) then portions of 400 µl (2 times) and 600 µl (1 time).  
 
After their respective reactions, SWCNT precursors and bridged-SWCNTs were 
rinsed by successive filtrations in DMF, dichloromethane, acetone and methanol 
while Pt-SWCNTs were rinsed by methanol filtration.  
 
6.3.4  SWCNTs’ washing 
After reactions, the SWCNT precursors and molecularly bridged SWCNTs were 
washed to remove the catalysts and by-products of the reactions.  Thus, successive 
filtrations and bath ultrasonications in dichloromethane, DMF, acetone and ethanol 
(or methanol) were carried out.  PTFE filtration membranes with 0.2 µm pore size 
were used for the filtration.  
Pt-SWCNTs were washed in 200 ml of methanol using polycarbonate filtration 
membranes with 0.2 µm pore size. 
 
6.4  SWCNT network fabrication 
6.4.1  Layer-by-layer deposition 
Glass substrates were cleaned for 20 min in a bomb solution (H2SO4: H2O2 at 1:1 
conc) and rinsed in water.  This was followed by bath ultrasonication in water then 
propan-2-ol.  Thin films of Ti (50 nm)/Au (nm) metal contact were deposited by 
thermal or e-beam evaporation using brass shadow masks to deposit the electrodesxx. 
The glass substrates were dipped in PEI-Tris buffer solution (pH 6.5) for 45 min then 
in PAA (or PSS) solution (30 min) to deposit “seed” LbL layers (PEI/PAA)3.  The 
deposition time for the following dip was 30 min.  The glass substrates were rinsed 
in 3 successive deionised water baths then dried with nitrogen after each dipping.   
The charged glass substrates were then dipped successively in SWCNT dispersion in 
DTAB and in SWCNT dispersion in SDS for 30 min per dip.  Between each dipping, 
the glass substrates were rinsed in a deionised water bath then dried using a nitrogen 
                                                 
xx Cr was also used instead of Ti 
Experimental details 
163 
gun.  The process was repeated 5, 10 or 20 times depending on the thickness desired 
for the SWCNT LbL films. 
 
6.4.2  Filtered networks 
Dispersions of SWCNT precursors, bridged-SWCNTs at 1 mg/ml in DMF and Pt-
SWCNTs at 1 mg/ml in methanol were prepared by bath ultrasonication.  The 
dispersions were allowed to settle for one day.  2, 5, 10 and 20 ml of the SWCNT 
supernatants were vacuum filtered on nylon membranes (diameter: 2.5 mm, pore size: 
0.2 µm).  The SWCNT precursor networks, molecular bridged SWCNT networks and 
Pt-SWCNT networks were then dried overnight at 120°C in a vacuum oven.  
 
6.5  SWCNTs characterisation 
6.5.1  Raman spectroscopy 
Raman spectroscopy was performed using a Jobin Yvon Horiba LabRAM 
spectrometer equipped with a confocal microscope (50x magnification objective) and 
a He-Ne laser (632.8 nm) on SWCNT powder.  
 
6.5.2  UV-visible-near IR spectroscopy 
Absorption spectra of dispersions of SWCNTs in DMF (or aqueous surfactant 
solutions for LbL depositions) were recorded with a Perkin-Elmer Lambda 900 
spectrometer.  All SWCNT dispersions had settled for one day before measurement.  
 
6.5.3  TGA-MS analysis 
SWCNTs were heated up in a He atmosphere from room temperature to 900°C at a rate 
of 10°C/min.  The heating was held at 120°C for 20 min to allow the evacuation of 
potential solvent.  The Perkin-Elmer Pyris I TGA recorded the mass loss of the sample 
from room temperature while the Hiden HPR20 mass spectrometer detected the groups 
released from 120°C.   
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6.5.4  XPS analysis 
Steel stubs were coated by thick layers of SWCNTs.  The samples were analysed in a 
chamber under vacuum (~10-9 Torr) with an Al KR X-ray source (1486.6 eV) in a 
Scienta ESCA hemispherical analyzer.  The C1s XPS spectrum at 284.5 eV was used 
as reference for the recording.  
 
6.5.5  ICP spectroscopy 
SWCNTs were dissolved in nitric acid to extract the metal and the solution was 
diluted in deionised water and then centrifuged at 4500 rpm for 4 min.  The 
supernatant obtained after centrifugation was used for the analysis.  The 
measurements were recorded using the inductively coupled plasma optical emission 
spectrometer (ICP-OES) Ultima 2 from Horiba Jobin Yvon.  
 
6.5.6  CHN analysis 
SWCNT samples were combusted in a pure oxygen atmosphere under static 
conditions.  At the end of the combustion, a dynamic burst of oxygen was added to 
ensure total combustion.  The temperature of combustion reached over 1800 °C.  The 
CHN elemental analyses were carried out with the CE440 Exeter Analytical 
Elemental Analyser. 
 
6.6  SWCNT networks characterisation 
 
6.6.1  Scanning electron microscope 
Cr/Pt layer (8 nm) was coated on the SWCNT networks prior to SEM analysis.  High 
resolution Hitachi SU-70 FEG-SEM was then used to image the networks. 
 
 
Experimental details 
165 
6.6.2  Electrical measurement kit 
 
6.6.2.1  Room temperature I-V characteristics 
The measurements were carried out at room temperature in a dark rig at ~10-1 mbar 
using a 2400 Keithley source meter.  The rig consisted of a 3 probes driven by a 
Labview-based software and a high-performance PCI-GPIB interface card. 
 
6.6.2.2  I-T characteristics 
The measurements were carried out using a Janis Research/CTI cryogenics’ cryostat 
rig at about 2´ 10-4 mbar with a 331 temperature controller from LakeShore.  The 
voltage was applied using a Keithley 2400 source meter.  All measurements were 
carried out in the dark. 
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Conclusion 
 
 
In this thesis, SWCNTs were functionalised following non covalent and covalent 
approaches.  The non covalently functionalised SWCNTs consisted of surfactants 
wrapped SWCNTs; electrostatic LbL depositions were used to build up networks 
from anionic and cationic surfactants wrapped up SWCNTs.  The combined analysis 
of I-V, I-T and I-d characteristics showed that the in-plane conduction was 
dominated by Poole-Frenkel mechanisms.  This characteristic was exploited to 
integrate cut-SWCNT LbL network into organic MIS devices.  The charge storage 
capacity, displayed by cut-SWCNT LbL networks based MIS devices, illustrates 
their relevance for applications such as non volatile memory devices. 
 
With the covalent approach, SWCNTs had undergone radical additions which were 
followed by coupling reactions or coordination.  In relation to the coupling reactions, 
this thesis examines a novel strategy to create organic molecules to covalently bridge 
SWCNTs.  For this purpose, iodobenzene-SWCNT and Sonogashira-SWCNT 
precursors were prepared by diazonium radical addition and Sonogashira cross-
coupling.  This represents the first time that Sonogashira cross-coupling on SWCNTs  
was reported, to our knowledge.  Subsequently, the SWCNT precursors were 
covalently bridged via modified Sonogashira and Ullmann couplings and 
spectroscopic evidence was used to ascertain that the couplings were successful.  
Concerning the coordination, Pt-enriched SWCNT were prepared by Pt coordination 
with the pyridine group from pyridine-SWCNT precursors.   
 
Networks of SWCNT precursors, molecularly bridged SWCNTs and Pt-SWCNTs 
were subsequently deposited by vacuum filtration.  Following electrical analysis, a 
modified quantum tunnelling model was proposed as it best described the current-
voltage characteristics and the temperature dependence of the current.  This implies 
that, neither the covalent bridging of the SWCNTs nor the addition of platinum at a 
low concentration altered the dominant conduction mechanism.  
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Summary of contributions  
The achievements presented in this thesis are for both the chemistry and electrical 
properties of SWCNTs.  Thus, this work contributes to progress in the SWCNT field 
by reporting novel SWCNT couplings (Sonogashira cross-coupling and Ullmann 
coupling) and functional groups (pyridine and Pt coordinated pyridine).  In addition, 
homo-coupling and cross-coupling reactions introduced a new strategy to bridge the 
SWCNTs. 
A modified quantum tunnelling model is proposed, and found to govern the 
conduction mechanisms across all networks of covalently modified SWCNTs 
(bridged SWCNTs, Pt-SWCNTs and SWCNT precursors).  Furthermore, the Poole-
Frenkel effect was found to dominate the conduction in SWCNT LbL films.  The 
charge storage capacity displayed by cut-SWCNT LbL films was also emphasised.   
 
Future research directions 
This research opens a new route to covalently bridge SWCNTs via organometallic 
couplings.  The bridging was demonstrated using stoichiometric quantities of 
catalysts, which are yet to be optimised.  Within the scope of this thesis, small 
conjugated molecules were used as organic linker.  In further work, conjugated 
molecules with electroluminescent properties could be used to produce materials for 
organic light emitting devices.  Furthermore, a study of the alternating current 
behaviour of the bridged SWCNT networks will extend our understanding of their 
electrical properties.  The transfer of the SWCNT networks onto rigid substrates 
should provide better estimations of their thickness and complete our knowledge of 
reliable electrical conductivities.   
Pt coordination with pyridine-SWCNTs was also demonstrated but not the Pt-bridging 
of the SWCNTs.  Therefore, further work chould contribute to achieving Pt-bridged 
SWCNTs via the pyridine groups and study the potential impact of the Pt bridging on 
the electrical conduction.  Pyridine-SWCNT networks could be used for the fabrication 
of SWCNT based metal sensors. 
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Appendix A  
Additional information for Chapter 2 
 
 
A.1  C60-mixed SWCNT LbL films 
Carbon nanotubes and fullerenes are similar isomers of carbon as seen in section 
1.3.1 of Chapter I.  From a structural point of view, the differences between them lay 
in their shapes and their lattices.  Nevertheless, while SWCNTs can be either 
semiconducting or metallic, fullerenes are semiconducting materials.  Integrating C60 
into LbL film would therefore increase the ratio of semiconducting versus metallic 
nanoparticles within the LbL films.  In this regard, LbL films integrating both 
SWCNT and C60 were prepared.   
UV-visible-near IR spectra of C60 in DTAB and SDS solutions were recorded between 
300 nm and 1300 nm to avoid the noise resulting from the presence of water in the 
solution.  Normalised transmittance spectra of these spectra are presented Figure A-1.  
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Figure A-1 Absorption spectra normalised at 348 and 347 nm for C60 in DTAB and SDS 
solutions, respectively . Nominal concentrations of 1:4 mg/ml of SWCNT in solutions were 
prepared and their well-dispersed part was analysed. 
 
UV-visible-near IR spectra from 300 to 1300 nm displayed in Figure A-1 show 
transmittance spectra for C60.  The transmittance peak is located at 348 and 347 nm 
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in DTAB and SDS, respectively.  The absence of van Hove singularities is explained 
by the 0-dimension of the C60.  The absorption of C60 in DTAB and SDS solutions 
remained of the same order of magnitude though it almost doubled.  These spectra 
concord with data already published288.   
 
A.1.1  In-plane characteristics 
A.1.1.1  C60 LbL films  
C60 LbL films were built-up as reference.  Figure A-2 (a) and (b) shows the in-plane 
I-V characteristics of C60 LbL films with 10 and 30 bi- layers, respectively. 
  
Figure A-2 Current-voltage characteristics of 100% C60 LbL thin films with electrode 
separations of 1, 2, 4 and 8 mm. (a) 10 bi-layers LbL film and (b) 30 bi-layers LbL film.  
 
Figure A-2 indicates that C60 LbL films are insulating in the in-plane configuration 
with a current level in the order of 10-10 A.  However, these low currents increase 
very slowly with the voltage.   
 
A.1.1.2  C60–mixed SWCNT LbL films: I-V characteristics 
LbL films using dispersions made with mixtures of solutions of 1:4 mg/ml of C60 and 
SWCNT in DTAB and SDS were also built-up.  The ratios of SWCNT solutions in 
C60 solutions were taken as 5/95, 10/90, 25/75, 50/50 and 75/25.  Figure A-3 shows 
the I-V characteristics (in log-log scale) at room temperature for 15, 20, 25 and 30 bi-
layers C60–mixed SWCNT LbL films built-up with these solutions. 
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Figure A-3 Room temperature in-plane I-V characteristics in log-log scale of (a) 20, (b) 15, 
(c) 25 and (d) 30 bi-layers C60-mixed SWCNT LbL films with SWCNT/C60 concentration 
ratios of 5/95, 10/90, 25/75, 50/50 and 75/25 at 1.5 mm electrode separation. SWCNT LbL 
films are also shown. 
 
Figure A-3 shows that apart from the film with a SWCNT/C60 ratio of 5/95 (film with 
the lowest nanotubes content) all the C60-mixed SWCNT LbL films follow the same 
trend.  Abnormal high current levels are obtained particularly for LbL films with small 
loading of SWCNTs.  For instance, for a 20 bi-layers C60-mixed SWCNT LBL film 
(Figure A-3 (a)), the films made with SWCNT/C60 ratios of 50/50 and 25/75 display 
current levels of about one order of magnitude higher than the SWCNT LbL film.  
Such inconsistency is repeated in Figures A-3 (b), (c) and (d).  This contrasts with 
previous data where the current level was shown to be dependent on the amount of 
SWCNT loaded in the LbL films175.  Given the presence of C60 should influence the 
conductivity (Figure A-2) by decreasing it when SWCNTs are replaced by C60.  It is 
assumed that such current levels are the result of heating effect of the films.   
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A.1.1.3  C60–mixed SWCNT LbL films: I-T characteristics 
Measurements, with a voltage limited to ±20 V to limit the self-heating, were carried 
out.  I-T characteristics from 50 to 350 K and their associate I-V plot at 300 K were 
recorded for C60-mixed SWCNT films with SWCNT/C60 ratios of 33.33/66.66 and 
50/50.  Figure A-4 shows the I-V and I-T characteristics of the 20 bi- layers  C60-
mixed SWCNT LbL film with a SWCNT/C60 ratio of 33.33/66.66 at 4 and 1 mm 
electrode separations. 
(a) 
(b) 
Figure A-4 I-V characteristics of 20 bi-layers 33.3%CNT-66.6%C60 LbL film at 300 K and 
the I-T characteristics of this LbL film at 10 and 20 V – for electrode separations of (a) 4 mm 
and (b) 1 mm 
 
Both I-V and I-T characteristics in Figures A-4 (a) and (b) are different.  The 
difference is more noticeable for the I-V characteristics.  Indeed while the I-V plot 
for 1 mm electrode separation at 300 K (Figure A-4 (b)) is linear the one for a 4 mm 
electrode separation is not.  Also there are more than 2 orders of magnitude between 
the current levels.  Regarding the I-T plots, the current appears rather stable at low 
temperature; up to 200 K and up to 150 K for 4 mm and 1 mm electrode separation, 
respectively.  Figure A-5 shows the I-V and I-T characteristics of the 20 bi- layers 
C60-mixed SWCNT LbL film at 4 and 1 mm electrode separations. 
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(a) 
(b) 
Figure A-5 I-V characteristics of 20 bi-layers 50%CNT-50%C60 LbL film at 300 K and the I-T 
characteristics of this LbL film at 10 and 20 V with electrode separation of (a) 4 mm and (b) 1 mm 
 
The examination of Figures A-5 (a) and (b) led to the same observations than for 
Figures A-4 (a) and (b).  Thus, these two C60-mixed SWCNT LbL films display the 
same behaviour. 
The current levels obtained for the 50/50 C60-mixed SWCNT LbL film (4´10-9 A and 
1´10-6 A) are lower than the ones for the 33.3/66.6 C60-mixed SWCNT LbL film 
(1´10-8 A and 6´10-6 A).  This result contrasts with the observation of an increase of 
current with the loading of SWCNTs on the film155,175.  This inconsistency is 
attributed to a self-heating of the films during measurements.  Indeed, LbL films 
made with low SWCNTs loading shows higher current intensity than those with 
higher loading.  The in-plane measurements carried out on the C60-mixed SWCNT 
LbL films show that providing a loading of the SWCNTs high enough in the film the 
heating is limited and consistent results are obtained.  However one cannot disregard 
the possibility of having some heating even for higher proportions of nanotubes. 
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A.1.2  Out-of-plane characteristics 
Current-voltage characteristics 
I-V measurements at room temperature carried out on 20 bi- layers C60 LbL film and a 
C60-mixed SWCNT with a SWCNT ratio of 50/50 from 0 to 5 V are shown in Figure 
A-6 (a).  Figure A-6 (b) shows out-of-plane I-V measurements at 300 K carried out on 
20 bi- layers C60-mixed SWCNT LbL films made with SWCNT/C60 mixtures ratios of: 
5/95; 10/90 and 50/50.  Measurements done on the C60 LbL film and LbL film made 
just with surfactants are also shown as reference in Figure A-6 (b).    
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Figure A-6 Out-of-plane I-V characteristics (a) at room temperature for C60 and 50/50 C60-
mixed SWCNT LbL films in log-log scale (b) at 300 K (310 K for C60 LbL film) of C60-mixed 
SWCNT LbL films and a LbL film as reference.  
 
Figure A-6 (a) shows that the 50/50 C60-mixed SWCNT LbL films and C60 LbL film 
follow the same linear dependence up to 3 V before inclination (from 3.7 to 5 V).  
The high current obtained has the same order of magnitude and these I-V plots 
follow the same trend than the out-of-plane I-V plots of SWCNT LbL displayed in 
Figure 2-13 (b).  Figure A-6 (b) shows the loading of SWCNT or C60 in the LbL film 
does not impact on the current level.   
 
The out-of-plane I-V characteristic of the reference sample (Figure A-6 (b)) displays 
the same linear trend and same order of magnitude than the C60-mixed SWCNT and 
C60 LbL films.  This indicates that the presence of SWCNT and/or C60 in LbL films 
does not influence the conduction.  The resemblance of Figure A-6 (a) and Figure 2-
13 (b) suggests that the processes occurring in a SWCNT LbL film (see section 
2.5.2.2) are also happening in the LbL films presented here.  Given the restricted 
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voltage range shown in Figure A-6 (a) (±1 V), I-T plots of the C60-mixed SWCNT 
LbL films were recorded to complete the comparison between these films. 
 
Current-temperature characteristics 
I-T characteristics of these films C60-mixed SWCNT LbL films are shown from 350 
to 50 K (before current breakdown at 50 K) in Figure A-7 for a bias of 1 V.   
 
Figure A-7 Out-of-plane I-T plots at 1 V for C60 and C60-mixed LbL films with SWCNT/C60 
ratios of: 5/95, 10/90, 50/50, and their reference LbL sample 
 
The out-of-plane I-T characteristics shown in Figure A-7 appear to be similar to 
those displayed in Figure 2-16.  Indeed, over the same temperature range the current 
increases as the temperature is reduced with the analogous trends.  ( ) TILn µ  plots 
of the I-T characteristics displayed in Figure A-7 are plotted in Figure A-8.   
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Figure A-8 ( ) TI µln  plots of the out-of-plane I-T characteristics for C60 and C60-mixed LbL 
films with SWCNT/C60 ratios of: 5/95, 10/90, 50/50, and their reference LbL sample 
 
As found from the out-of-plane I-T measurement for the SWCNT LbL films (Figure 
2-16), the ( ) TI µln  plots (Figure A-8) of the out-of-plane I-T characteristics also 
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exhibit a linear behaviour.  As stated above, such behaviour is indicative of a 
conduction dominated by a tunnelling phenomenon according to Hurd179.  
 
A.2  Current breakdown phenomenon 
In sections 2.5.2.2 and 2.7.2, log-log plots of the out-of-plane I-V characteristics 
showed that for a sufficient voltage their slope were decreasing from 1 to about 0.7.  
Subsequent to this non linear region, current breakdowns occurred during I-V 
measurements with the out-of-plane configuration.  This section describes and 
analyses that phenomenon.  
 
A.2.1  I-V characteristics 
Figure A-9 shows I-V measurements carried out at room temperature with the out-of-
plane configuration which led to current breakdowns. 
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Figure A-9 Typical current breakdowns during I-V measurements at room temperature on 
20 bi-layers SWCNT LbL film 
 
Figure A-9 shows that current breakdowns occur around 5 V at room temperature.  
Before those, the I-V characteristics are similar to those obtained for SWCNT LbL 
film in Figure 2-16 (a).  After breakdown, the current drops of several orders of 
magnitude.  Figure A-10 shows I-V measurements from -10 to 10 V carried out 
following the respective current breakdowns shown in Figure A-9. 
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Figure A-10 I-V plots of SWCNT LbL film after current breakdowns shown in Figure A-9xxi 
 
Figure A-10 shows that the I-V characteristics of the samples after their respective 
current breakdowns (Figure A-9).  A difference of about 3 orders of magnitude 
between current levels before and after breakdown is observed.  A noticeably 
different I-V behaviour compared to those before breakdown illustrates the 
irreversible nature of the breakdown.  This is indicative of different conduction 
model followed after current breakdown.   
 
The occurrence and use of current breakdowns of carbon nanotubes are reported289-
290  However, no current breakdown on such SWCNT LbL films was reported to our 
knowledge.  In fact, out-of-plane I-V characteristics on similar films were shown to 
undergo voltages up to ±10 V at room temperature without the occurrence of a 
current breakdown155.  Negative resistance followed by a significantly reduced 
current was reported on Langmuir-Blodgett SWCNT films.  A morphologic study of 
the SWCNT film revealed that SWCNTs disappeared after the electrical 
measurements291.  This structural modification is explained by the Joule heating 
during the measurement.  Thus, oxidation- induced breakdown are the result of 
SWCNTs being oxidised away292.   
 
 
 
                                                 
xxi These plots were obtained after intermediate measurements due to a lack of stability in the 
characteristics. 
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A.2.2  I-T characteristics 
I-T characteristics of a 20 bi- layers SWCNT LbL film which undergone a current 
breakdown were analysed to help determining the transport mechanism which 
governs the conduction after current breakdown.  Thus, a current breakdown was 
voluntarily provoked at 50 Kxxii.  The semi- log I-V plot of the current breakdown at 
50 K accompanied by an I-V plot at 50 K recorded after breakdown are shown in 
Figure A-11 (a) and (b), respectively.   
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Figure A-11 (a) I-V characteristics of the current breakdown at 50 K in semi-log scale (b) I-
V characteristic at 50 K performed on same area the following the current breakdown. 
 
Figure A-11 (a) shows that the breakdown at 50 K causes the current to decrease by 
more than one order of magnitude.  The current at 1 V dropped from 38.86 mA 
(Figure A-11 (a)) to 0.14 mA (Figure A-11 (b)).  However, only an insignificant 
difference is perceived in the I-V characteristics as the I-V plot in Figure A-11 (b) 
slightly deviates from a linear behaviour.  The fact that at 50 K, the breakdown 
occurs at higher voltages than at room temperature (Figure A-9) is explained by the 
absence of oxygen during the measurements.  Indeed, the oxygen in the environment 
impacts the dynamic of the breakdown as breakdowns occur at smaller electric fields 
than in vacuum293.  Figure A-12 displays the out-of-plane I-T characteristics at 0.5 
and 1 V of the SWCNT LBL film after current breakdown.  
                                                 
xxii Breakdown performed at 50 K to reduce the risk of having an insulating film. Indeed, breakdowns 
happening at room temperature can sometimes result in an insulating film. 
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Figure A-12 Out-of-plane I-T characteristics at 0.5 V and 1 V after breakdown of a SWCNT 
LbL film 
 
The out-of-plane I-T characteristics display in Figure A-12 follow a completely 
different behaviour that those shown in Figure II-16.  Here, not only the current 
increases as the temperature is raised but it does so with an exponential trend.  These 
dissimilarities support the idea that another type of transport is dominant in the 
SWCNT LbL films after current breakdown (see section 2.8.1).   
The reason for the current breakdown is not known yet.  However, given that the 
temperature at which the breakdown takes place impacts on the breakdown voltage, 
the I-V characteristics trends and current level after breakdown (Figures A-9 to A-11) 
the possibility for a thermal breakdown is suspected.  Indeed, Joule heating during I-V 
measurements was reported to damage MWCNTs and lead to current breakdowns294. 
 
A.2.3 Reference sample 
The in-plane I-V measurements of DTAB/SDS LbL films displayed insulating 
characteristics (see Figure 2-11).  This section focuses on the unexpected results 
obtained for the out-of-plane I-V plots of the reference 20 bi- layers DTAB/SDS LbL 
film in Figures 2-38 (b) and 2-39 (b).  The surfactants and polyelectrolytes used to 
build-up the LbL films are insulating.  Thus, two conduction types are possible  
across such films: tunnelling mechanism and ionic conduction.  This sample displays 
the same out-of-plane I-V and I-T characteristics that the rest of the LbL films.  Thus, 
identify the transport mechanisms in these films will shed a new light on the 
dominant in the out-of-plane direction of the pure SWCNT and C60 LbL film as well 
as the C60-mixed SWCNT LbL films.  A current breakdown was provoked during at 
50 K to study the electrical properties of a DTAB/SDS LbL film.  Out-of-plane I-V 
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characteristics of the current breakdown at 50 K and after current breakdown at 300 
K are shown in Figure A-13 (a) and (b), respectively.   
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Figure A-13 Typical out-of-plane I-V plots of the reference sample at 50 K during the 
current breakdown (a) and at 300 K after breakdown  (b) 
 
Figure A-13 (a) shows an expected linear I-V characteristic before cur rent 
breakdown.  Compared to the SWCNT LbL breakdown shown in Figure A-11 (a), a 
smaller breakdown voltage is required here (5.32 V instead of 14.66 V) for the same 
vacuum level.  Also, Figure A-13 (a) does not display any current saturation region 
while such region lasted for at least 6.5 V in Figure A-11 (a).  The comparison of 
Figure A-13 (a) with A-11 (a) highlights the protective role of the SWCNTs in the 
electrical resilience of the LbL films.  Figure A-13 (b) shows a non linear I-V 
characteristic after breakdown with differential negative resistance at high voltage.  
The parameters of the linear baxy +=  fittings of the log- log plots (not shown) of 
Figures A-13 (b), A-11 (a) and (b) are given in Table A-1. 
Figure 
Low voltages High voltages 
A B A B 
A-13 (b) 1.05 -2.69 2.14 -3.40 
A-10 (a) 1.18 -5 2.12 -5.36 
A-10 (b) 1.4 -5.3 1.99 -5.4 
Table A-1 Fitting parameters of the log-log plot of Figures A-13 and A-10 
 
Table A-1 shows that the slopes of the linear fittings at both low and high voltages 
are similar. This indicates that the I-V behaviours of the SWCNT LbL film and the 
reference LbL film after current breakdown are comparable.  However, the current is 
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two orders of magnitude higher for the reference film (Figure A-13 (b)) than for 
SWCNT LbL films (Figure A-10).  This difference can be explained by the 
temperature at which the current breakdown was performed.  The breakdown leading 
to the plots displayed in Figure A-10 occurred at room temperature while the one in 
Figure A-13 occurred at 50 K.  In section 2.8.2, the comparison between Figure A-9 
and A-11 (a) has highlighted the impact of the temperature on the breakdown.  The 
vacuum conditions were also reported to impact on current breakdown of 
nanotubes294.  The breakdowns in Figure A-9 (leading to Figure A-10) were 
performed at low vacuum level.  So, the presence of oxygen could also worsen the 
damages created by the current breakdown.  Thus, the difference of two orders of 
magnitude between the current level can be explained by both the temperature and 
the vacuum levels at which the current breakdowns were performed.  
 
Figure A-14 displays the I-T plots after current breakdown at 1 V (a) and 10 V (b) 
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Figure A-14 Out-of-plane I-T characteristics of the reference LbL film after current 
breakdown for (a) 1 V and (b) 10 V  
 
Figure A-14 indicates that the temperature dependence of the current follows two 
opposite trends depending on the bias applied.  Indeed at V=+1 V (Figure A-14 (a)) 
the current increases with the temperature whereas at V=10 V (Figure A-14 (b)) the 
current decreases as the temperature augments.  This implies that different 
conduction mechanisms dominate the low and high voltage range.  Unfortunately, 
the data points in Figure A-14 were too scattered to give decent fittings of 
conduction models.  The bad quality of the I-T plots in Figure A-14 is attributed to 
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the damages done to film during the current breakdown.  As a result only the I-V 
plots can be exploited to determine the dominant transport mechanism.  
 
The nature of the reference LbL film led to consider conductions based on ionic 
transport or tunnelling mechanisms.  The ionic conduction model given by equation 
A-1295 was considered: 
÷
ø
ö
ç
è
æ D-
kT
E
T
E
J aiexp~       (A-1) 
Where E and aiED  are the electric field and the activation energy of ions. 
Table A-1 indicates that after current breakdown, the I-V plots of the reference film 
has a linear behaviour at low voltage (from -2 to +2 V) before shifting to an 
exponential behaviour at higher voltages.  Given that a linear behaviour is only 
observed at low voltages, any control of the conduction by the ionic transport would 
occur in this range according to equation A-1.   
Other conduction models were also considered.  The I-V characteristic at 300 K 
displayed in Figure A-13 (b) was plotted according to the Fowler-Nordheim (F-N) 
and Poole-Frenkel (P-F) models in Figure A-15 (a) and (b), respectively.  Figure A-
16 shows it plotted according to the Richardson-Schottky (R-S) model.  
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Figure A-15 ( ) VvsVI 1ln 2  plot (a) and ( ) VvsVIln  plot (b) of I-V characteristics 
at 300 K of reference sample after current breakdown at 50 K according to the Fowler-
Nordheim and Poole -Frenkel model, respectively  
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Figure A-16 ( ) VvsIln  plots for reverse and forward bias of I-V characteristics at 300 
K of reference sample after current breakdown at 50 K according to the Richardson-
Schottky model 
 
The plots in Figure A-15 do not display any linear behaviour.  That shows that the I-
V plot after current breakdown does not respect the Poole-Frenkel and Fowler-
Nordheim conduction model.  In Figure A-16, ( ) VvsIln  shows a linear 
behaviour for V³ 3 V at both reverse and forward bias.  Note: the region of negative 
differential resistance (from 8.6 to 10 V) of the I-V plot in Figure A-13 (b) has not 
been considered. 
The linearity of the I-V plot at low voltages (±2 V) points out to the ionic conduction 
model.  A dominance of direct tunnelling conduction at low voltages was discounted 
given that this range extends to ±2 V.  For a dominant direct tunnelling mechanism, 
the current voltage dependence should be 3VI µ  beyond the linear region, 
according to equation 2-31.  It is not the case here, however, the occurrence of 
tunnelling phenomena cannot be discounted.  Beyond 3 V, the conduction is 
dominated by the Richardson-Schottky conduction model.  The presence of two 
different conductions governing the low and high voltage region is supported by the 
opposite evolution of the I-T plots in Figure A-14. 
 
A.3  Alternating current measurements 
The AC behaviour of SWCNT LbL films was analysed.  Impedance measurements 
were carried out in the in-plane configuration at 300 K on 20 bi- layers SWCNT LbL 
films.  Measurements on 20 bi- layers C60-mixed SWCNT LbL films with SWCNT/C60 
ratios of 33.3/66.6 and 50/50 were also performed.  Figure A-17 shows the frequency 
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dependence of the capacitance from 0.3 Hz (0.1Hz for 50/50 C60-mixed SWCNT LbL 
film) to 5 MHz.  Figure A-18 shows their associated Nyquist plots.   
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Figure A-17 Semi-log of capacitance-frequency plots of SWCNT (100 CNT) and C60-mixed 
SWCNT LbL films with ratios of 33.3/66.6 and 50/50 
 
Figure A-17 shows that for all films the capacitance is quasi constant at about 15 pF 
between 3 kHz and 2 MHz.  This steadiness is preserved up to about 10 Hz for the 
33.3/66.6 C60-mixed SWCNT LbL film while it ends up at about 200 Hz for the 
50/50 C60-mixed SWCNT LbL film.  The capacitance of the SWCNT LbL film 
deviates at about 2.81 kHz.  The capacitance is however unstable at low frequencies 
(f<10 Hz).  Note: the out of range points observed at 50 Hz are due to noise from the 
equipment and not in the film.   
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Figure A-18 Nyquist plots for SWCNT and C60-mixed SWCNT LbL films 
 
A negative phase was obtained for the Nyquist plots displayed in Figure A-18.  That 
indicates that equivalent circuits for SWCNT and C60-mixed SWCNT LbL films are a 
resistance RC and a capacitor C1 in series with a resistance R1 as shown by Figure A-19. 
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Figure A-19 Equivalent circuit of the SWCNT and C60-mixed SWCNT LbL films 
 
The values of R1 and RC for the 100%CNT, 50%CNT-50%C60 and 33.3%CNT-
66.6%C60 LbL films extracted from Figure A-19 are reported in Table A-2. 
Proportion of SWCNTs and C60 
in LbL films R1 (W) RC (W) 
33.3%SWCNT-66.6%C60 1132.65 2.27´107 
50%SWCNT-50%C60 1574.59 3.26´106 
100%SWCNT 2477.8 3.4´107 
Table A-2 Values of R1 and RC in the LbL films 
 
Different Nyquist plots and subsequently the ir equivalent circuits were reported for 
SWCNT LbL films189,296-297.  The result for the Nyquist plots of SWCNT LbL films 
obtained in this study was reported for another type of SWCNT LbL film.  
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Appendix B  
Additional information for Chapter 3 
 
 
B.1  Conduction in iodobenzene-SWCNT networks 
 
VRH 
Figure B-1 displays the ( )
1
4ln I versusT
-
 plots and ( ) 2ln I versusV plots according 
to the 3D-VRH model for the 2, 5 10 and 20 ml iodobenzene-SWCNT networks, 
respectively.  
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Figure B-1 (a) ( ) 41ln -TversusI  plots of the I-T characteristics at 0.5, 1, 5 and 10 V (b) 
( ) 2ln VversusI  plots of I-V plots for 2, 5, 10 and 20 ml iodobenzene-SWCNT networks 
 
Donor-acceptor hopping 
Figure B-2 shows the I-T characteristics of the iodobenzene-SWCNT networks 
plotted according to the donor-trap hopping conduction.  
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Figure B-2 ( ) 7
1
ln
-
TversusI  plots of the I-T plots for iodobenzene-SWCNT networks 
 
Tunnelling conduction 
( ) TversusIln  plots of the I-T characteristics (not shown here) were used to find 
the constant A of equation 3-12.  The values of A for each network, shown in Table 
B-1, are integrated into equation 3-12 for the fittings of both I-V and I-T plots.   
Filtered volume 
(ml) 
Constant A values 
2 0.01 
5 0.01 
10 0.01 
20 0.0095 
Table B-1 Average values of constant A for iodobenzene-SWCNT networks 
 
The I-V characteristics of the iodobenzene-SWCNT networks, fitted according to 
equation 3-12, are displayed in Figure B-3. 
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Figure B-3 I-V characteristics of 2, 5, 10 and 20 ml iodobenzene-SWCNT networks with 
their fits according to equation 3-12 
 
The I-T characteristics at 0.5, 1, 5 and 10 V were fitted according to equation 3-12 
and displayed in Figure B-3 for 2, 5, 10 and 20 ml iodobenzene-SWCNT networks.  
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Figure B-4 Plots of I-T characteristics at 0.5, 1, 5 and 10 V according to eq. 3-12 for iodobenzene-
SWCNT networks made with (a) 2 ml, (b) 5 ml, (c) 10 ml and (d) 20 ml SWCNT dispersions 
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B.2  Conduction mechanism in pyridine-SWCNT 
networks  
 
VRH 
Figure B-5 displays the ( )
1
4ln I versusT
-
 plots and ( ) 2ln I versusV plots of the 
electrical characteristics and according to 3D-VRH model for the 2, 5 and 10 ml 
pyridine-SWCNT networks, respectively. 
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1
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-
TversusI  plots of the I-T plots at 0.5, 1, 5 and 10 V and (b) 
( ) 2ln VversusI  plots of I-V characteristics for 2, 5 and 10 ml pyridine-SWCNT networks 
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Donor-acceptor hopping 
The I-T characteristics given in Figure III-36 were plotted according to the donor-
trap hopping conduction.  
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Figure B-6 ( ) 71ln -TversusI  plots of the I-T characteristics at 0.5, 1, 5 and 10 V for 2, 5 
and 10 ml pyridine-SWCNT networks 
 
Tunnelling conduction 
The averaged values of A from ( )ln I versus T  plots for each pyridine-SWCNT 
network are shown in Table B-2.   
Network thickness 
(ml) 
Constant A values 
2 0.01 
5 0.006 
10 0.005 
Table B-2 Averaged values of constant A for Pyridine-SWCNT networks 
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The I-V characteristics of the pyridine-SWCNT networks, fitted with eq. 3-12, are 
displayed in Figure B-7. 
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Figure B-7 I-V characteristics of pyridine-SWCNT networks made of 2, 5 and 10 ml of 
SWCNT dispersions with their fits according to equation 3-12 
 
The I-T characteristics at 0.5, 1, 5 and 10 V were fitted according to equation 3-12 
for 2, 5 and 10 ml pyridine-SWCNT networks and displayed in Figure B-8.   
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Figure B-8 Plots of I-T characteristics at 0.5, 1, 5 and 10 V according to equation 3-12 for 
pyridine-SWCNT networks of (a) 2 ml, (b) 5 ml and (c) 10 ml of SWCNT dispersions 
 
B.3  Fitting parameters 
Fitting parameters for I-V characteristics of Sonogashira-SWCNT networks 
Filtered 
volume (ml)  
Fitting parameters for Sonogashira-SWCNT networks 
B (P1) C (P2) I0 (p3) A (P4) 
5 4.87´10-3 0.69 1.01´10-8 6.3´10-3 
20 9.45´10-3 0.66 2.13´10-7 8.9´10-3 
Table B-3 Fitting parameters of the I-V plots of Sonogashira-SWCNT networks 
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Appendix C  
Additional information for Chapter 4 
 
 
C.1  VRH in molecularly bridged SWCNT 
networks  
Figure C-1 displays the ( )
1
4ln I versusT
-
 plots of the I-T characteristics according 
to 3D-VRH model for molecular bridged-SWCNT networks. 
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Figure C-1 ( )
1
4ln I versusT
-
 plots of the I-T characteristics for 10 and 20 ml networks of 
(a) homocoupled-SWCNTs (b) crosscoupled-SWCNTs and (c) Ullmann-SWCNTs  
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Figure C-2 displays the ( ) 2ln VversusI plots of the I-V characteristics at room 
temperature according to the 3D-VRH model for bridged SWCNT networks. 
0 50 100
-17
-16
-15
-14
-13
-12
-11
-10
-9
0 50 100
-17
-16
-15
-14
-13
-12
-11
-10
-9
0 50 100
-24
-22
-20
-18
-16
-14
-12
-10
ln
 (
I)
Voltage² (V²)
 10ml
 20ml (a)
ln
 (
I)
Voltage² (V²)
 10ml
 20ml (b)
ln
 (
I)
Voltage² (V²)
 5ml
 10ml
 20ml (c)
 
Figure C-2 ( ) 2ln VversusI  plots of I-V characteristics at room temperature for 10 and 20 ml 
networks of (a) homocoupled-SWCNTs (b) crosscoupled-SWCNTs and (c) Ullmann-SWCNTs 
 
C.2  Donor-acceptor hopping in bridged SWCNT 
networks  
Figure C-3 displays the ( )
1
7ln I versusT
-
 plots of the I-T characteristics for the 10 and 20 
ml networks of homocoupled-SWCNTs, crosscoupled-SWCNTs and Ullmann-SWCNTs. 
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Figure C-3 ( )
1
7ln I versusT
-
 plots of the I-T characteristics for 10 ml and 20 ml networks 
of (a) homocoupled-SWCNTs, (b) crosscoupled-SWCNTs and (c) Ullmann-SWCNTs  
 
C.3  Fitting parameters 
Fitting parameters for I-V characteristics of homocoupled-SWCNT, crosscoupled-
SWCNT and Ullmann-SWCNT networks 
Volume 
Filtered 
volume (ml)  
Fitting parameters for homocoupled-SWCNT networks 
B (P1) C (P2) I0 (p3) A (P4) 
10 1´10-4 0.28 8´10-8 1´10-2 
20 1.53´10-3 0.48 1.29´10-6 6´10-3 
Table C-1 Fitting parameters of the I-V plots of homocoupled-SWCNT networks 
 
Filtered 
volume (ml)  
Fitting parameters for crosscoupled-SWCNT networks 
B (P1) C (P2) I0 (p3) A (P4) 
10 5.25´10-3 0.8 1.06´10-7 8´10-3 
20 5´10-3 0.58 1´10-6 9.5´10-3 
Table C-2 Fitting parameters of the I-V plots of crosscoupled-SWCNT networks 
 
Filtered 
volume (ml)  
Fitting parameters for Ullmann-SWCNT networks 
B (P1) C (P2) I0 (p3) A (P4) 
5 1.8´10-4 0.32 3´10-10 0.0095 
10 1.4´10-2 0.85 1.68´10-10 1´10-2 
20 7.61´10-3 0.79 1.9´10-7 8´10-3 
Table C-3 Fitting parameters of the I-V plots of Ullmann-SWCNT networks 
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Additional information for Chapter 5 
 
 
D.1  3D-VRH in Pt-SWCNT networks  
Figure D-1 displays the ( )
1
4ln I versusT
-
 plots and ( ) 2ln VversusI plots of the 
electrical characteristics and according to 3D-VRH model for the 2, 5 and 10 ml Pt-
SWCNT networks. 
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Appendix D 
197 
D.2  Donor-acceptor hopping in Pt-SWCNT networks 
Figure D-2 displays the ( )
1
7ln I versusT
-
 plots of the I-T characteristics for the Pt-
SWCNT networks. 
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Figure D-2 ( )
1
7ln I versusT
-
 plots of the I-T characteristics for Pt-SWCNT networks 
 
 
D.3  Fitting parameters 
Fitting parameters for I-V characteristics of Pt-SWCNT networks 
Filtered 
volume (ml)  
Fitting parameters for Pt-SWCNT networks 
B (P1) C (P2) I0 (p3) A (P4) 
2 -4.97´10-3 0.1 2´10-5 7´10-3 
5 -5.14´10-3 0.04 9´10-5 6´10-3 
10 -2.61´10-3 0.09 6´10-5 7´10-3 
Table D-1 Fitting parameters of the I-V plots of Pt-SWCNT networks 
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Appendix E  
Cross-section pictures and electrical conductivities 
 
 
The thicknesses of the filtered SWCNT networks were estimated from cross-section 
pictures using a SEM.  Electrical conductivities were subsequently calculated from 
these measurements and the known geometry of the metal contacts.  The SEM cross-
section pictures, the networks’ thickness and the electrical conductivities are 
presented in Table E-1.  
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Network Filtered volume (ml)  SEM picture Thickness 
Conductivity  
at 10 V (S.cm-1) 
Pyridine-
SWCNTs 
5 
 
7.1 µm 2.5×10-3 
Pyridine-
SWCNTs 
10 
 
40.4 µm 5.5×10-4 
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Iodobenzene-
SWCNTs 2 
 
676 nm 1.3×10-4 
Iodobenzene-
SWCNTs 5 
 
4.2 µm 1.7×10-3 
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Iodobenzene-
SWCNTs 10 
 
46.7 µm 3.6×10-4 
Iodobenzene-
SWCNTs 20 
 
53.8 µm 1.3×10-3 
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Sonogashira-
SWCNTs 5 
 
2.8 µm 2.5×10-6 
Sonogashira-
SWCNTs 10 
 
575 nm 2.6×10-6 
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Sonogashira-
SWCNTs 20 
 
13.6 µm 1.1×10-4 
Homocoupled-
SWCNTs 10 
 
1.1 µm 6.6×10-6 
Appendix E 
204 
Homocoupled-
SWCNTs 20 
 
41.8 µm 8.7×10-5 
Crosscoupled-
SWCNTs 10 
 
301 nm 6.9×10-3 
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Crosscoupled-
SWCNTs 20 
 
25.8 µm 3.4×10-4 
Ullmann-
SWCNTs 10 
 
1.4 µm 2×10-7 
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Ullmann-
SWCNTs 20 
 
46.7 µm 5.7×10-5 
Pt-SWCNTs 10 
 
41.8 µm 7.3×10-4 
Table E-1 Cross-section SEM pictures, thickness and electrical conductivities of SWCNT networks 
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